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ABSTRACT
The ever-increasing demand for high-performance microelectronic devices has motivated
the semiconductor industry to design and manufacture Ultra-Large-Scale Integrated (ULSI)
circuits with smaller feature size, higher resolution, denser packing, and multi-layer
interconnects. The ULSI technology places stringent demands on global planarity of the
Interlevel Dielectric (ILD) layers. Compared with other planarization techniques, the
Chemical Mechanical Polishing (CMP) process produces excellent local and global
planarization at low cost. It is thus widely adopted for planarizing inter-level dielectric
(silicon dioxide) layers. Moreover, CMP is a critical process for fabricating the Cu
damascene patterns, low-k dielectrics, and shallow isolated trenches. The wide range of
materials to be polished concurrently or sequentially, however, increases the complexity of
CMP and necessitates an understanding of the process fundamentals for optimal process
design.
This thesis establishes a theoretical framework to relate the process parameters to the
different wafer/pad contact modes to study the behavior of wafer-scale polishing. Several
models of polishing - microcutting, brittle fracture, surface melting and burnishing - are
reviewed. Blanket wafers coated with a wide range of materials are polished to verify the
models. Plastic deformation is identified as the dominant mechanism of material removal in
fine abrasive polishing. Additionally, contact mechanics models, which relate the pressure
distribution to the pattern geometry and pad elastic properties, explain the die-scale variation
of material removal rate (MRR) on pattern geometry. The pad displacement into low features
of submicron lines is less than 0.1 nm. Hence the applied load is only carried by the high
features, and the pressure on high features increases with the area fraction of interconnects.
Experiments study the effects of pattern geometry on the rates of pattern planarization, oxide
overpolishing and Cu dishing. It was observed that Cu dishing of submicron features is less
than 20 nm and contributes less to surface non-uniformity than does oxide overpolishing.
Finally, a novel in situ detection technique, based on the change of the reflectance of the
patterned surface at different polishing stages, is developed to detect the process endpoint and
minimize overpolishing. Models that employ light scattering theory and statistical treatment
correlate the sampled reflectance with the surface topography and Cu area fraction for
detecting the process regime and endpoint. The experimental results agree well with the
endpoint detection schemes predicted by the models.
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CHAPTER 1
INTRODUCTION
1.1 General Background
The electronics industry has grown rapidly in the past three decades. Ultra-large-scale
integrated (ULSI) circuits, with 10" or more devices on a chip, can now be fabricated on
semiconductor substrates, or wafers, to reduce cost and to increase the performance of
electronic products. Figure 1.1 shows the growth of the number of components on a metal-
oxide-semiconductor (MOS) memory chip. That number has approximately doubled every
two years over the past two decades, matching the rate Moore forecast (Moore, 1965; Chang
and Sze, 1996). Concurrently, the minimum dimension of the device-feature continues to
shrink by about 13% per year, or by a factor of two every six years, due to the advances in
fabrication technology. The decrease of feature length reduces the overall device size and
increases the packing density, and thus reduces the cost of function. Moreover, device speed,
which varies inversely to feature length, has been improved and power consumption, which
approximately varies as the square of feature length, has been reduced. On the other hand, the
complexity of microchip design and fabrication has increased continuously with integration
and miniaturization. Extremely high degrees of repeatability and uniformity are required in
wafer fabrication for a high production yield. One challenge is the demand for global surface
planarity for the stringent depth of focus of the lithography in the back-end process
integration. The surface topography of the inter-level dielectric (ILD) builds up after multiple
levels of metal wiring. The Chemical Mechanical Polishing (CMP) process has emerged as a
critical technique to smooth surface topography. Additionally, new materials such as Cu and
W, introduced in ULSI fabrication, also require extensive use of the CMP process to form
inlaid interconnect structures. A fundamental understanding of the CMP process is essential
to improve process optimization and control, and to increase the process yield and throughput
in the continuous integration and miniaturization in the semiconductor industry.
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Figure 1.1 Experimental growth of the number of components per MOS IC chip (from
Chang and Sze, 1996).
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1.2 The Role of CMP in Semiconductor Manufacturing
Figure 1.2 is a schematic of a conventional CMP process. It is an adaptation of the
lapping technology used to polish plate glass. The wafer to be polished is mounted on a wafer
carrier via back pressure or via surface tension by wetting its back surface. The wafer is
pressed down against a rotating platen, which holds a compliant polishing pad. The wafer
slides on the pad surface with a relative velocity generated by the rotation of the carrier and
the platen. Concurrently, the abrasive slurry drips onto the platen surface and dispenses
through the wafer/pad contact interface. The chemical slurry and abrasive particles retained
on the porous pad surface remove the material on the wafer surface.
There are two major applications of CMP in ULSI manufacturing: to smooth surface
topography of inter-level dielectrics (ILD, usually silicon dioxide), or to remove excess
material to produce inlaid metal structure or isolation trenches. The inter-level dielectric
CMP is applied in conventional aluminum metallization, where aluminum is deposited on the
oxide ILD layer, patterned, and etched to form interconnects. Another layer of oxide is then
deposited to insulate the aluminum interconnects. Thus three-dimensional electrical wiring is
constructed. Device elements, such as resistors, capacitors and transistors, are connected to
build up ICs. In this practice, CMP is employed on at least the top few layers of each ILD
surface to provide a smooth surface for aluminum deposition and to provide a field flat
enough that contact vias and metal wires can be patterned by lithography. The desired
process end-point is determined based on the surface planarity and the thickness of the ILD
layer required for electrical isolation of aluminum line. Figure 1.3 (a) shows the schematic for
the ILD CMP. Wafers stacked with three or more layers of aluminum interconnects, such as
are used in microprocessor applications, are usually subjected to ILD CMP to improve yield
and reliability.
Unlike ILD CMP, copper CMP and other trench isolation processes such as shallow
trench isolation (STI) are employed to remove the excess deposit covered on the trenches. As
shown in Fig. 1.3 (b) for the copper damascene process, the underlying oxide (or other ILD
material) layer is trenched by lithography and etching. A thin copper layer is deposited or
electroplated to fill the trenches. Then a CMP process removes excess copper and forms
18
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Figure 1.3 Schematics of (a) ideal oxide ILD CMP and (b) ideal Cu CMP processes.
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isolated wirings of copper. The process is stopped while the copper layer and diffusion
barrier layer (usually a thin Ta, TaN, Ti or TiN layer to prevent copper diffusion into the
oxide and "poisoning" the underlying devices) are completely polished through and the oxide
is exposed. Copper technology is expected to replace aluminum in new-generation chips with
interconnect critical dimensions (CDs) below 0.25 pm. Since copper is difficult to pattern and
etch, the damascene approach combined with extensive use of CMP seems to be the best
solution for ULSI manufacturing.
1.3 Origins and Evolution of the CMP Process
1.3.1 Origins and Early Developments. The original commercial practice of CMP in
the semiconductor industry was to prepare raw silicon wafers. After the wafer was sawed
from a single-crystal silicon rod, the mechanically damaged surface layer was removed and
the surface planarized to produce a flat, scratch-free surface for VLSI devices and circuits.
Monsanto first developed this process and sold polished wafers in late 1962 (Walsh and
Herzog, 1965; Hippel, 1988). Despite its recent use in VLSI fabrication, the polishing
process has been employed for optical lens fabrication for centuries. In fact, the first
machinery used by Monsanto was very similar to the commercial machine used in the optical
industry. Monsanto's innovation was to redefine the polishing steps and choose proper
polishing abrasives and slurry chemicals to achieve the specifications for both surface finish
and planarity of silicon wafers. By using submicron silicon dioxide abrasives in an alkaline
solution, the process time was reduced from one and a half hours to about five minutes.
A further improvement to the CMP process was made at IBM in the late seventies (Silvey
et al., 1966). A cupric salt CMP slurry was employed to improve the throughput and surface
finish on a conventional polishing machine. The new process was faster than the previous
silica based polishing method and resulted in a mirror-like surface (Blake and Mendel, 1970).
The slurry was tailored later to reduce defects and surface nonplanarity introduced by the
etching and deposition processes. By the late 1980s, the CMP process was successfully
applied in Japan for trench isolation (to insulate the implanted device region with planarized
silicon dioxide walls for higher device packing density) and trench capacitors for DRAMs.
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NEC, IBM, National Semiconductor and other chipmakers, were experimenting with different
applications and products for both memory and logic ICs. In 1988, the first commercial
polisher designed specifically for CMP was introduced by Cybeq in Japan. Later,
SEMATECH identified CMP as a technology critical for future IC manufacturing. It
launched a project with Westech to develop competitive, advanced CMP tools in the U.S.
1.3.2 Oxide Planarization. Due to the fast shrinkage of the feature size and the
increased number of devices, more metal-interconnect layers were required for each new
generation of ICs, especially for logic chips and microprocessors. The quick build-up of
surface topography with the increase of interconnect layers usually results in a poor step-
coverage of the metal deposition. It thus requires a global planarization technique on the ILD
surface. The smaller wavelength light employed in lithography to produce submicron features
also sets a more stringent limit on surface planarity. The superior ability of CMP to produce a
flat and smooth surface provides an ultimate solution for more complex chip design. Keeping
the CMP performance robust and reliable became a key issue for integration of the CMP into
the large-scale manufacturing operation. In 1993, Intel demonstrated intense use of CMP on
the new three-level microprocessor, the Pentium chip. It was the first time that CMP was
employed to produce high volumes of commercial devices.
The main impediment to oxide polishing is the slow rate of ILD oxide removal. Because
the hardness of the abrasive is comparable to the surface coating, the process may rely on
some chemicals to "soften" the surface and form a passive layer to be easily removed by
particle abrasion (Cook, 1990). Moreover, the within-wafer and wafer-to-wafer uniformity of
material removal varied significantly in early practice. Nonuniformity was partially due to the
variation of process variables, such as pressure distribution, slurry transport, and degradation
of pad surface during polishing. Due to the lack of knowledge about the fundamentals of the
process, it was difficult to analyze these problems and thus improve process performance.
1.3.3 The New Era for Copper Polishing Technology. In the past, aluminum was
exclusively employed as the main interconnect material. However, when the device
dimensions below the sub-micron, the still high electrical resistivity of aluminum slows down
the rate of digital signal transmission, the so-called RC delay (which is equal to the product of
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the resistance and the capacitance of the line). The sub-micron aluminum interconnect cannot
handle high power density applications because of its relatively low resistance to electro-
migration. Electromigration is the phenomenon of metal atoms diffusing as currents carrying
electrons "hit" them, which causes metal thinning. Because of these problems, the
semiconductor industry focused on replacing aluminum with other metals when the SIA
(Semiconductor Industry Association) noted that feature size would shrink down to 0.35 pm
by 1995 and to 0.25 pm by 1997. Copper seemed to be the best candidate because of its lower
electrical resistivity (about two thirds of aluminum) and high electromigration resistance.
Cost reduction was another reason. Copper techniques require 20% to 30% fewer steps than
conventional aluminum patterning due to the new damascene approach and the higher packing
density of the smaller feature size (Singer, 1998).
For these reasons, the major chipmakers, such as IBM, Motorola and Texas Instruments,
separately announced in 1997 aggressive plans to put copper into production in 1998. Table
1.1 presents the 1998 SIA roadmap for the interconnect technology. The main challenges for
Cu CMP is to control the uniformity of the surface topography while the interconnect layers
increase to meet the more stringent die-level planarity requirement. Moreover, the
nonuniformity of the remaining Cu wires and the variation of local surface topography due to
dishing and overpolishing must be reduced to prevent the retardation of signal transmission in
interconnects.
Despite the many advantages of copper, copper patterning requires an entirely new
manufacturing platform, damascene technique. As described earlier, the copper damascene
technique circumvents metal etching, using the CMP process to form copper wiring inside the
trenched oxide. The CMP process must be integrated horizontally and vertically to achieve
high quality process performance. Horizontal integration, which includes reliability of the
consumables, development of new slurries, wafer cleaning systems, and a new metrology for
endpoint detection, focuses on an integral solution for a robust yield and throughput for the
CMP. Vertical integration integrates upstream processes such as Cu/barrier deposition and
etching and downstream processes such as ILD deposition and lithography. It opens a wide
process window for more optimization options and increases the quality of the final products.
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Table 1.1: SIA International technology roadmap for semiconductors (ITRS) for interconnect
technology (1998 updated).
Year of First Product Shipment 1997 1999 2002 2005 2008 2011
Technology Node 250 nm 180 nm 130 nm 100nm 70 nm 50 nm
Number of Metal Levels - DRAM 2-3 3 3 3-4
Number of Metal Levels - Logic 6 6 - 7 7 7 - 8
Maximum Interconnect Length - 800 1,700 3,300 5,000 9,200 17,000
Logic (m/chip)
Planarity Requirements within Litho 300 250 200 175 175 175
Field for Minimum Interconnect
Critical Dimension (CD) (nm)
Minimum Contacted / Noncontacted 550/500 400/360 280/260 220/200 160/140 110/100
Pitch --DRAM (nm)
Minimum Contacted / Noncontacted 640/590 460/420 340/300 260/240 190/170 140/130
Pitch - Logic (nm)
Minimum Metal CD for Isolated 250 180 130 100 70 50
Lines (nm) I
Minimum Contact / Via CD (nm) 280/360 200/260 140/180 110/140 80/100 60fl0
Metal Height / Width Aspect Ratio - 1.8 1.8 2.1 2.4 2.7 3
Logic (Microprocessor)
Via Aspect Ratio - Logic 2.2 2.2 2.5 2.7 2.9 3.2
Minimum Metal Effective Resistivity 3.3 2.2 2.2 2.2 <1.8 <1.8
(p2/cm)
Barrier / Cladding Thickness (nm) 100 23 16 11 3 1
Minimum Interlevel Metal Insulator - 3.0-4.1 2.5-4.1 1.5-2.0 1.5-2.0 1.5 1.5
Effective Dielectric Constant (k)
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1.3.4 CMP Process in the Future. Beyond the adoption of copper interconnects,
several technologies are necessary to continue the shrinkage of device dimension and the
increase of packing density in ULSI manufacturing. The most promising one is low-k
dielectric technology. Low-k materials can replace the present oxide ILD layer to reduce the
capacitance loss and increase the signal transmission rate of the circuits. According to the
SIA roadmap (Table 1.1), low-k dielectrics will be integrated with copper damascene
technology in the next year or two on the 0.13pm-generation chips and beyond. However, the
difference between the polishing rates of copper and the low-k materials available will
significantly affect post-CMP surface planarity. New processes must be developed to address
the problems associated with this nonuniform polishing phenomenon as well as the
complexity of the materials structures. Additionally, it is necessary to explore the niche for
the CMP process in shallow trench isolation and other applications such as back-side
polishing and the fabrication of micro-electro-mechanical systems (MEMS).
1.4 Scope of Present Investigation
Because Cu damascene will emerge as the mainstream process to produce interconnects,
this thesis focuses on developing an understanding of the Cu CMP process and designing the
process to meet the necessary performance metrics. The target performance requirements
include: material removal rate (MRR), within-wafer uniformity (WIWU) and wafer-to-wafer
uniformity (WTWU, wafer-level), within-die planarity (die-level), dishing and overpolishing
of an interconnect (device-level), and roughness and defects on the local surface (sub-device
or line-level). These in turn define the yield and throughput of the Cu CMP. These
requirements depend on a large number of process variables; even the fundamentals of the
material removal in Cu CMP are still not clear. As shown in Fig. 1.4, process variables can be
categorized as input variables or process parameters. The input parameters include both the
geometrical shape of the initial wafer surface, such as the wafer curvature, the initial geometry
of the coatings, and the local surface topography of the pattern, and the properties of the
surface coatings, such as the mechanical and chemical properties of the coating materials.
These variables are determined by the previous deposition processes, the initial chip design, or
the initial wafer geometry. They generally will constrain CMP performance.
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Figure 1.4 Complexity of the CMP process.
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Process parameters can be manipulated to optimize process outputs and meet performance
requirements. The process parameters, also shown in Fig. 1.4, may be grouped as the
operation parameters (pressure, velocity, temperature, etc.), the slurry related parameters
(abrasive and slurry fluid), and the pad characteristics.
The essence of process design is process decoupling. The wafer-level outputs of
polishing, such as the average removal rate and within-wafer uniformity, generally are not
affected by die layout and local pattern geometry. The local geometry after polishing (which
defines the within-die planarity), oxide overpolishing, and Cu dishing, tend to be similar
among different dies and will not be affected by the behavior of global material removal. This
implies that process outputs at different length scales can be decoupled and that the
mechanisms corresponding to each level of polishing behavior can be studied to identify the
key process variables. As summarized in Table 1.2, this thesis characterizes the interfacial
contact condition and its effects on the wafer-level material removal and investigates
polishing uniformity are investigated. The possible mechanisms of material removal in CMP
are modeled and examined for a wide range of coating materials and process conditions.
Once the dominant mechanisms are determined, the key factors that affect material removal
rate and surface quality can be identified and controlled to improve both the global (wafer-
level) and the local level polishing performance. A neutral slurry is used in the present study
to elucidate the mechanical aspects of the CMP process. The within-die planarity is studied
based on the pressure distribution in the die field. A contact mechanics model is proposed to
correlate the pressure distribution and pad displacement into low feature on the Cu patterned
wafers to the pattern geometry and layout. Based on the model, the rates of planarization on
various damascene structures are predicted and validated by experiments. For the nonuniform
polishing behavior at the device-level, Cu dishing and ILD overpolishing are investigated
through a systematic experimental approach. A semi-empirical model is established to study
the effects of several device-scale factors such as the material selectivity, pattern linewidth,
and pattern area fraction on the rates of dishing and overpolishing. Moreover, an in situ
reflectance sensing and endpoint detection technique is developed to reduce overpolishing
time and to account for the variation of process outputs. By integrating the endpoint control
with the process optimization schemes, the variance of process outputs can be reduced to
improve process yield.
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Table 1.2: Scope of the process research.
Geometry Problem and Issue Mechanisms Process parameters
Level of Interest
Wafer Material removal rate
Within-wafer uniformity
* Interfacial contact
condition
" Mode of polishing
* Interfacial contact
condition
* All
0p, iV, slurry
viscosity
Wafer-to-wafer uniformity e Slurry transport
* Global pressure
distribution
Macrostructure of
pad
9 Mechanisms of
pressure application
Within-die planarity o Nonuniform pressure
distribution due to pattern
geometry
o Selectivity
Device level uniformity
(Dishing and
Overpolishing)
Roughness
Scratching
* Nonuniform pressure due
to device or interconnect
geometry
* Mechanisms of removal
" Particle agglomeration and
contamination
9 Pattern area
fraction
* Pad elastic
properties
e Coating/abrasive
hardness
* Pattern linewidth
and area fraction
" Pad properties
" Abrasive size and
hardness
e Abrasive, pH,
chemistry
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Die
Subdie &
Device
Sub-
device
1.5 Thesis Organization
The overall goal of this thesis is to study the mechanics and the mechanisms of the
polishing process and to model polishing behavior at different length scales. This will
provide a theoretical framework to understand the process fundamentals and provide
optimization schemes for the Cu CMP process. The results not only can be applied to the
current Cu CMP practice, but can also be employed to guide CMP research for the next-
generation IC fabrication, involving new materials and new geometrical complexity.
The present chapter describes the background and scope of the thesis. Chapter 2 studies
kinematics of the polishing tools, rotary and linear. A technique is developed to characterize
the wafer/pad interfacial contact condition and is related to such global process parameters as
pressure, relative velocity, and slurry viscosity. The effects of contact mode on the material
removal rate and within-wafer nonuniformity are discussed. Optimization schemes to control
the process in the contact mode and to determine the preferable pressure and velocity based on
the consideration of frictional heat dissipation are proposed. Chapter 3 describes possible
mechanisms of the fine-abrasive polishing process. The dominant regime in CMP is
determined based on the experimental results and surface topography of the polished surface.
Both abrasive size and hardness effects are employed for process optimization to improve the
material removal rate and limit surface roughness. Chapter 4 provides a contact mechanics
model to determine the pressure distribution on the patterned Cu wafer. Experiments verify
the model in the Cu planarization regime. Chapter 5 provides the effects of pattern geometry
on Cu dishing and oxide overpolishing. A general trend of the evolution of surface
topography in Cu damascene polishing is also studied. A robust process design to increase the
Cu/ILD polishing selectivity, based on the effects of abrasive hardness, size, and the elasticity
of the pad, are proposed to improve the wafer- and die-level surface uniformity. Chapter 6
offers the modeling of the reflectance sensing technique and an in situ endpoint sensing
algorithm for Cu CMP. Experiments are also conducted to verify the detection schemes.
Chapter 7 presents conclusions and Chapter 8 offers a few suggestions for future research on
CMP. The theories of oxide CMP are briefly reviewed in Appendix A. The pin-on-disk
polishing results on various materials similar to the wafer coatings are presented in Appendix
B.
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CHAPTER 2
CHARACTERIZATION AND OPTIMIZATION
OF THE CMP PROCESS
In the Chemical Mechanical Polishing (CMP) process used for microelectronics
manufacturing, three contact regimes between the wafer surface and the polishing pad may be
proposed: direct contact, mixed or partial contact, and hydroplaning. An effective in-situ
method for characterizing the wafer/pad contact and a systematic way of relating contact
conditions to the process parameters are both lacking. In this work, the interfacial friction
force, measured by a load sensor on the wafer carrier, characterizes the contact conditions.
Models that relate the friction coefficient to the applied pressure, relative velocity, and slurry
viscosity are developed and verified by experiments. Additionally, a correlation between
friction coefficient and the material removal rate (MRR) is established. The effects of process
parameters on the Preston constant are investigated. Process optimization methods based on
extending the high-material-removal regime are also suggested and discussed.
2.1 Introduction
The ever-increasing demand for high-performance microelectronic devices has motivated
the semiconductor industry to design and manufacture Ultra-Large-Scale Integrated (ULSI)
circuits with smaller feature size, higher resolution, denser packing, and multi-layer
interconnects. The ULSI technology places stringent demands on global planarity on the
Interlevel Dielectric (ILD) layers. Compared with other planarization techniques, the
Chemical Mechanical Polishing (CMP) process produces excellent local and global
planarization at low cost. It is thus widely adopted in many back-end processes for
planarizing inter-level dielectric (SiO 2) layers. In addition to achieving global planarization,
CMP is also critical to many emerging process technologies, such as the polishing of Cu
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damascene patterns, low-k dielectrics, and shallow trench isolation (STI) (Landis et al., 1992;
Peters, 1998). The wide range of materials to'be polished concurrently or sequentially,
however, increases the complexity of CMP and necessitates an understanding of the process
fundamentals for optimal process design and control.
Despite its extensive use in ULSI manufacturing, the basic material removal mechanisms
in CMP are not yet well understood. Long ago, Preston empirically found in glass polishing
that the material removal rate (MRR) is proportional to the product of the applied pressure and
the relative velocity (Preston, 1927). The Preston equation may be written as:
d(2.1)
dt
where 4 is the thickness of the layer removed, t the polishing time, p the nominal pressure, vR
the relative velocity, and k, a constant known as the Preston constant.
In recent years, many works have demonstrated that the above relation is also valid for
metals (Steigerwald et al., 1994; Stavreva et al., 1995 and 1997) and ceramics (Nakamura et
al., 1985; Komanduri et al., 1996). To explain this proportionality, several researchers
proposed particle abrasion (Brown et al., 1981; Liu et al., 1996) and pad asperity contact
models (Yu et al., 1993) to elucidate the mechanical aspects of the CMP process. Assuming
that wafer/abrasive or wafer/pad is in contact, the applied stress field near the wafer surface
results in elastic-plastic deformation of the surface layer and produces wear. Another line of
research focused on the chemical mechanisms of the process (Cook, 1990; Luo et al., 1998).
Cook first reviewed the chemical process for glass polishing. He suggested that both surface
dissolution under particle impact and the absorption or dissolution of wear particles onto the
slurry particles will determine the polishing rate of glass. More recently, a two-dimensional
wafer-scale model based on lubrication theory (Runnels and Eyman, 1994) and mass transport
was proposed (Sundararajan et al., 1999). In this model, the wafer is assumed to hydroplane
on the pad surface, and the normal load is supported by the hydrodynamic pressure of the
viscous slurry film. The polishing rate is determined by the convective mass transport of the
chemical species.
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Whether CMP material removal is by mechanical, chemical, or chemomechanical
interactions, understanding the contact condition at the wafer/pad interface is crucial to
process characterization, modeling, and optimization. However, to date there is no explicit
methodology in the CMP literature to characterize wafer-scale interfacial conditions with
process parameters. Some researchers assumed that the wafer hydroplanes while being
polished. They solve the Reynolds equation of lubrication to determine the relations among
wafer curvature, applied pressure, relative velocity, slurry viscosity, slurry film thickness, and
pressure distribution on the wafer surface (Runnel, 1994; Runnel and Eyman, 1994). Another
group assumed the wafer is in contact, or partially in contact with the pad. They relate the
displacement of the wafer to the pad elastic modulus and solve the stress field by the classical
contact mechanics model (Chekina et al., 1998). Measurement of the vertical displacement of
the wafer relative to the pad seems the most direct way of identifying the contact condition
and determine the slurry film thickness (Mess et al., 1997). However, the compliance of the
pad material and the back film in the wafer carrier make such measurements unreliable.
While some experiments in the hydroplaning mode were conducted on smaller specimens
(Nakamura et al., 1985), scaling up the results to a larger size wafer is problematic. In
general, different applied pressure, velocity, and other experimental conditions employed by
various investigators result in difficulty in drawing any definitive conclusions regarding the
mode of interfacial contact.
This chapter, accordingly, proposes a systematic way of characterizing and monitoring the
wafer/pad interfacial condition. It also establishes a theoretical framework for relating the
process parameters to the different contact modes is established. Polishing experiments were
conducted on Cu blanket wafers to verify the analysis. The results are shown in a parametric
form. Thus, the characterization technique is not limited to Cu blanket wafer polishing.
Optimization of the process for a stable interfacial condition and the design of a robust CMP
process for reducing wafer-scale variation can be based on this study.
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2.2 Theory
2.2.1 Interfacial Contact Conditions. When a wafer is pressed against the polishing
pad and slides with an intervening fluid layer, the polishing slurry, interfacial conditions can
be characterized as: contact, hydroplaning and mixed mode. Figure 2.1 shows the schematics
of these three modes. In the contact mode, the asperities of opposing surfaces (wafer/pad or
wafer/particle) interact mechanically. The real contact area is usually much smaller than the
nominal surface area. Plastic deformation occurs on both surfaces at the contact spots. The
intervening fluid film is discontinuous and no significant pressure gradient is formed in the
fluid film across the diameter of the wafer to support the normal load. This type of contact
mode occurs in the CMP practice when the relative velocity is low or the applied pressure is
high. The friction coefficient is relatively higher than that of the other two modes, usually on
the order of 0.1 because a tangential force is required to shear the surface asperities,.
In contrast, when the velocity is high or the applied pressure is sufficiently low, the wafer
will glide on a fluid film without directly touching the pad. Because there is no surface
contact, frictional force is due to the shear of the viscous fluid film. The friction coefficient is
expected to be much smaller, in the range 0.001 to 0.01, for typical hydroplaning conditions.
Pressure builds up in the viscous fluid film to support the normal load on the wafer. The
pressure gradient is very sensitive to the wafer attack angle. A slight change of the attack
angle, an unsteady slurry flow, or a partial wafer/pad contact due to mechanical vibration,
may result in a shift away from the hydroplaning mode even if the velocity and the normal
pressure requirements are satisfied.
The mixed mode is a transition from the contact mode to the hydroplaning mode. It occurs
when velocity increases or pressure reduces. In this regime, the velocity is neither high
enough nor the pressure low enough to build up a thick fluid layer to support the normal load.
This results in some contact between the pad asperities and the wafer surface. The friction
force is the weighted sum of the force necessary to deform the surface asperities at the
wafer/pad and wafer/particle contacts and the shear of the viscous slurry film. The friction
coefficient is usually between 0.01 and 0.1. The friction coefficient can be used as an
33
P(a)
p
(b)
p
Slurry . Wafer
Pad
(c)
Figure 2.1 Schematics of the wafer/pad interface at (a) contact mode, (b) mixed mode, and
(c) hydroplaning mode.
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indicator of the wafer/pad contact conditions because it will vary by one to two orders of
magnitude among the different contact modes.
2.2.2 Kinematics of Polishers. Current CMP practice uses both linear and rotary
polishers. To analyze the kinematics, the coordinate systems for both types of polishers are
shown in Fig. 2.2.
The pad, in the linear polisher, moves in the x-direction with a constant velocity v,, and the
wafer rotates at an angular velocity, o), about its center Ow. The velocity components for the
wafer, vrw and ve,, and the pad, vrp and v,,, in r, 0 coordinates can be expressed as:
vr,w = ,w0 v, =wwr (2.2a)
Vrp =v cos6 ; v, ,=-P sinG (2.2b)
Therefore, the components of the relative velocity of the wafer to the pad are given as:
Vr,R =-v Cos0 (2.3a)
V ,R= OWr + vp sin 0 (2.3b)
and the magnitude of the relative velocity can be written as:
VR (r,)=[(vP COSG) +(0 Wr+V sin )2 ]l/ 2
=[v +2t)v r sinG +0) r2 ]1 2  (2.4)
In steady state, the average of the relative velocity components of points located at a radius r
can be expressed as:
S 27r
iir,R f r,RdO =0 (2.5a)
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Figure 2.2 Schematics of coordinate systems for (a) linear and (b) rotary CMP processes.
36
v6,R V 6 ,Rd = (owr (2.5b)
Equations (2.5a) and (2.5b) state that the wafer rotation provides isotropic polishing by the
change of sliding direction at any point. However, if the circumferential velocity of the wafer
is comparable to the pad velocity, the sliding distances for any point on the wafer will increase
with the radius, which results in nonuniform wafer polishing. To reduce nonuniform
polishing, the angular velocity of the wafer from Eq. (2.3b) must satisfy the inequality:
v << vIrW (2.6)
For the rotary polisher shown in Fig. 2.2 (b), the rotational centers of the wafer and the
platen are 0, and O,, and the angular velocities are o, and a,, respectively. The two
rotational axes are normal to the polishing surface with an offset rcc. The velocity components
of the wafer at a point P(r,O) are the same as in Eq. (2.2a). Those of the pad can be expressed
as:
v,, = O),rc sine ; vO , =w,(r + rcc cosO ) (2.7)
Therefore, the components of relative velocity, vrRand vR, can be written as:
Vr,R = Op rcc sin 6 V,R w r-p (rrcc cos ) (2.8)
The magnitude of the relative velocity is given as:
VR [(r sin) 2 + (w r-p cc Cos - r) 2/2
= [(,w -w,)r sin O]2 +[(o, -w,)rcos6 -corc ] 2 1/2 (2.9)
By replacing rcosO and rsin6 with x and y, v, can be rewritten in the Cartesian coordinate
system as:
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(1/2
with the relative velocity components, v,, and vR, given by:
VxR = -(w - coP)y; OR = w - w)x -p c (2.11)
When the angular velocities of the wafer and the platen are equal, i.e., w, = w,, Eq. (2.11) can
be simplified:
v,=0; v,=comr, (2.12)
Thus, the velocity of the wafer relative to the pad is in the y-direction and is identical at all
points on the wafer. If the angular velocities of the wafer and the platen, k. = w,, and the
distance between two rotational centers, r. do not vary with time, the relative velocity will
remain constant throughout the polishing process and always in the y-direction, but the
direction will vary at a frequency of w,/2x. This results in isotropic polishing. This setting
will be used in the following analysis of interfacial condition and for process design, because
a uniform velocity simplifies the analysis and, as will be discussed later, reduces the variation
in material removal across the wafer.
2.2.3 The Contact Mode. By assuming Coulomb friction in the contact mode, the x-
and y-components of the traction force acting on an infinitesimal surface element 34 = rSrO
of the wafer in the Cartesian/polar coordinate systems are given by:
dF = pp(rr36)[(cw,-w, )rsin6] (2.13a)
{[(cow -w)rsin6]2 +[(w, -we, )rcos6-wro]2}12
- pp(rr46)[(cow -w,,)r cos6--wpr, ]dF +=r(2.13b){ [ (0 -- ,op)r sin Of +[(CO W- c,, )r cos 0 - ojr, ]}
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where p is the Coulomb friction coefficient and p is the pressure on the surface element. At
any point on the wafer, the direction of the friction force is the same as that of the direction of
the resultant relative velocity. The x- and y-direction components of the frictional force on the
wafer, Fr and F, can be obtained by integrating Eqs. (2.13a) and (2.13b):
rf2 + pp -w)r 22sin6 dr
00 + -w) 2 r 2 - 2w,(o, -wp)rr cosO]" 2
=0 (2.14a)
r-2" pp[w~rr-(w, -w, )r 2 cosO ]
F rJJ ,CL W 12<d6dr (2.14b)
o 0 [co r +(Cw "-w ) 2 r 2 - 2o,(o w- ,p) rcr Cos 1]u1
The x-direction force component, F,, is always zero for all Co and w, because the x-direction
differential force component, dF,, in Eq. (13a) at (r, 0) is canceled by that at (r, 2r-U). Thus,
the frictional force in contact mode acts on the wafer in the y-direction only. The torque
exerted on the wafer, Q., is given by:
-r.2w ppr[wprccr cos6 -(a,-,co)r 2 ]Q = dHdr 2.W)o [o0rJ +(w, -w,)2 r2 -2w,(, -(,)rcrcos8]" 2
Similarly, the torque on the platen, Q,, can be obtained as:
r,2r ppr[-w rJ +(cow - 2w,)rccr cos60+(ww -co))r2 I dOdr (2.16)
0 0 [P Cr'+(w - 0),p)2 -2 , p m,)rcCos ]
Again, when wk = w, and the pressure is uniform, Eqs. (2.14) to (2.16) reduce to:
Fv=p1weirj ; Q =0; Q=gpp rrr. (2.17)
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The torque on the wafer vanishes. The friction coefficient p, the ratio of tangential force F, to
the normal force Fn on the wafer, in the contact mode simplifies to:
F F
p 2 (2.18)
Fn Paverw
The y-direction force on the wafer carrier can be directly measured and the friction coefficient
can be readily determined for the o, = o, condition. Based on Eq. (2.17), the friction
coefficient at a = o, condition can also be determined by the torque measurement on the
platen, Q,, and expressed as:
p = (2.19)
The above analysis is assumed that the wafer is not slipping, i.e., the wafer rotates at the
same speed as the wafer carrier. If the wafer slips inside the carrier recess, however, the
resulting non-uniform velocity distribution produces both the x-direction force and torque on
the wafer as indicated by Eqs. (2.14) to (2.16). Since nonuniform velocity directly results in
nonuniform polishing, the x-force and the wafer torque can be monitored during polishing to
detect wafer slippage and to ensure polishing uniformity.
The friction coefficient in the contact mode may be affected by the materials of the wafer
and the pad, their surface topographies, the presence of abrasive particles, and the chemical
composition. But, to a first approximation, the Coulomb friction coefficient is independent of
the applied normal load, the relative velocity, the slight bowing or warping of the wafer, and
the viscosity of the slurry fluid.
2.2.4 The Hydroplaning Mode. Figure 2.3 is a schematic of a hydroplaning wafer with
the gimbal mechanism at the center of the wafer carrier. In this mode, the normal load is not
supported by the pad asperities or the abrasive particles, but by the pressure in the slurry fluid
film. The differential equation governing the pressure distribution in the fluid
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Figure 2.3 Schematic of wafer/pad interface in the hydroplaning mode.
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film is known as the Reynolds equation. The derivation of the Reynolds equation from the
Navier-Stokes equations and the continuity equation for Newtonian fluid and steady-state
velocity field is available in the hydrodynamic lubrication literature (e.g., Hamrock, 1994).
This derivation assumes a thin slurry film condition, i.e., h/D << 1, where ho is a
characteristic slurry film thickness and D is the wafer diameter. The two-dimensional
Reynolds equation corresponding to the boundary velocity conditions in CMP may be
expressed as:
1 d ( dp )d 3 dp d h(ux,+uI ) d h(u,,+u )[--(h ) +-(n -)] =-[ ]+-[ ]D
127 dx dx dy dy dx 2 dy 2
dh dh
+(u -u) - (u A +u -) (2.20)Wdx Yd
where h is the slurry film thickness, p the pressure, and i7 the slurry viscosity. With the
subscripts w and p for the wafer and the pad, ut, u,, and u.,, and u,, u,, and uP are the
velocity components of the wafer and the pad in the x, y, and z directions, respectively. (h, p,
u, v, and w are functions of x and y only.) The physical interpretation of Eq. (2.20) is as
follows. The two terms on the left-hand side represent the slurry net flow rate due to the
pressure gradient. The first two terms on the right-hand side are the net slurry flow rate due to
the drag from the motion of the wafer and pad surfaces. The last two terms, generally known
as squeeze film terms, are the flow rates due to the relative z-direction motion of the wafer and
pad surfaces.
Equation (2.20) can be rewritten for the rotary CMP polisher by substituting the velocity
boundary conditions, u,, u,, uxp, and u,, on the wafer and the pad surfaces given in the
kinematics section:
__ (wk sp--w,)ydhI---d(h 3P) +-d(h 3 pA )] co)
127 dx dx dy dy 2 dx
- - +(uU, -ug ) (2.21)
2 dy
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At the condition o = o), and assuming no z-direction motion of the wafer or the pad, Eq.
(2.21) reduces to:
?Jd a n d , dfP ce dh[-d(hy)+-d(h 
- ) (2.22)
12qdx dx dy dy 2 dy
The boundary condition for solving Eq. (2.22) is that the pressure at the periphery of the wafer
is zero:
p(x, y) = 0 at x2 + =r, (2.23)
However, it is difficult to obtain an analytical solution for Eq. (2.22) with the boundary
condition Eq. (2.23). If the point of the exercise is to study the qualitative behavior of the
hydroplaning condition, a one-dimensional simplification of this problem is instructive. With
the assumption that the "side-leakage" flow in the x-direction can be neglected, a simplified
one-dimensional Reynolds Equation is obtained from Eq. (2.22):
d(dp VRdh(2.24)
dy dy dy
Integrating Eq. (2.24) and rewriting:
dp= 67VR hh1, (2.25)dy h
where h, is the film thickness at which the pressure gradient dp/dy is zero. This equation
states the effects of process variables, i.e., slurry viscosity, relative velocity, and film profile,
on the pressure gradient.
To solve Eq. (2.25), boundary conditions of the pressure at the inlet (y = 0) and outlet (y = D)
will be employed; the origin is now at the inlet of the slurry film. Thus:
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p(O)=0 and p(D)=0
By further assuming a planar wafer surface, the slurry film thickness h in Eq. (2.25) is
expressed as:
h=h- (h, -h 2 ) Y (2.27)D
where h, and h2 are the film thicknesses at the inlet and outlet and D is the diameter of the
wafer. Using Eqs. (2.26) and (2.27), the pressure in Eq. (2.25) is:
) 6nvR(h,-h2"(1-y/D)y
P( y) =T.2(, +h2 )[k -(k -h 2 )y/D]2
The normal load per unit width of the wafer in the x-dirction, f,, that the slurry film can
support is obtained by integrating the pressure function frcm inlet to outlet. Thus:
6fvRD 2 [ h 2(h, - h2 )1
- (11 -h2)2 [nh 2  (h, +h2 ) .j(2.29)
Additionally, the location of the pressure center, y,, is calculated by the expression:
fn Y, = Jpydy (2.30)
-ru
Substituting Eq. (2.28) into Eq. (2.30), the center of pressure is obtained as:
6flvRD 2  h,(h,+2h2 ) 5h,+h2yP=Fln(-)- - (2.31)
Yc (hf-h') _ (h,-h,)2 h2 2(h-h2)
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(2.26)
Using Eq. (2.29) and the substitution H = h/h2 :
2H(H + 2)ln H - (5H + 1)(H -1) D (2.32)
YcJ - 2(H 2 -1)lnH-4(H -1) 2
The center of pressure of the film is always more toward the outlet than at the center of the
wafer (y, > 0.5D) to produce positive net force and to sustain the normal load. The pressure
center will approach the center of the wafer when film thickness ratio, H= h/h2 , is close but
still greater than unity, i.e., the wafer attack angle is positive but very small.
The wafer is free to assume any inclination when supported by a gimbaling point,. Thus,
h, and h2 in Eqs. (2.29) and (2.31) are generally unknown, and require two more constraints to
determine them. The first constraint is the force equilibrium on the wafer, i.e. the pressure
integral per unit width of wafer is equal to the product of the average pressure applied, pe'
and the wafer diameter:
fn = PaveD (2.33)
The second constraint is moment equilibrium on the wafer. Because the gimbal cannot
sustain any moment, the center of the pressure, y,, must be located at the given location of the
gimbaling point, y*:
Y* =Y (2.34)
The fluid shear at the wafer surface can be written as:
dvy
dz
= VR hdp R ) (2.35)
h 2 dx h h2
45
Integrating Eq. (2.35), the frictional force per unit width, /; , due to fluid shear can be written
as:
f TjV,7VD F4 JK 6(h, - h2 (2.36)
(h,-h2 ). h2 (h,+h2 )j
From Eqs. (2.33) and (2.36), the friction coefficient in the hydroplaning mode can be
obtained:
ln[vf1h, 6(h, -h 2 )1(2.37)
fn Pai (h, -h 2 ) _ h2 (h,+h2 ) J
From Eq. (2.37), the friction coefficient increases with slurry viscosity rj and velocity v,,
and decreases with applied pressure. Equation (2.37) also states that the friction coefficient is
a function of h, and h2. However, based on Eqs. (2.33) and (2.34), h, and h2 are not
predetermined quantities and will depend on pressure, relative velocity, slurry viscosity,
location of gimbaling point and wafer diameter. In practice, the friction coefficient p can be
directly measured and plotted against flv/p, to obtain the numerical value of the h, and h,
dependent terms at the right-hand side of Eq. (2.37), which may help determine the geometry
of slurry film gap.
In the above analysis, the surfaces of the wafer and the pad are assumed to be smooth. In
reality, this will only be true when the film thickness is much larger than the roughness of the
pad so that the local topography of the pad surface will not affect the slurry flow. Moreover, a
flat wafer surface is also assumed throughout the analysis although the wafer may be slightly
curved. However, if the curvature is very small, similar results in terms of frictional force and
friction coefficient will be obtained as those of a planar wafer surface (Pinkus and Sternlicht,
1961).
The friction coefficient for a typical CMP process can be estimated based on the above
analysis. By assuming that the gimbaling point is much closer to the center of the wafer, the
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film thickness at inlet is very close to but larger than that in the outlet, i.e., h, ~ h2 . Therefore,
the numerical value of the terms inside the bracket on the right-hand side of Eq. (2.37) is less
than unity. For typical process conditions: 71 = 0.005 Pa-s, vR =08 m/sp=48kPaandy, =
0.51D, hi = 22 prm and h2 = 19 gm. The friction coefficient p from Eq. (2.37) is about 0.004.
Because most CMP processes operate close to these conditions, a low friction coefficient on
the order of 0.001 is expected if the wafer is in the hydroplaning mode.
The volume flow rate of slurry per unit width needed to maintain the fluid film can be
calculated by:
h h3 dp h(uy, +u ,)
q= fv dz =- -+ (2.38)
0 127 dy 2
Evaluating the flow rate where (dp/dy)= 0, Eq. (2.38) reduces to:
h0(u,~ +u, )
, (2.39)2
For typical CMP of 100-mm diameter wafer, the flow rate is about 100 ml/min. If the "side
leakage" is taken into account, a higher flow rate is required to maintain hydroplaning.
The above analysis used a simplified one-dimensional model for hydroplaning for
calculating the pressure distribution, friction force, friction coefficient, and slurry flow rate.
However, as shown earlier in Eq. (2.22), the flow field of the slurry is a complex function of x
and y, even if the relative velocity is identical across the wafer. This non-uniform velocity
field will introduce nonuniform polishing within the wafer, which will be addressed later.
2.2.5 The Mixed Mode. The friction force at the wafer/pad interface in the mixed mode
may be described as the weighted sum of the forces necessary to deform the surface asperities
at wafer/pad or wafer/particle contacts and the shear of the viscous slurry film. Thus the
frictional force may be written as:
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FaA T+IArp+[1-(a+#)]A (.0
where r is the shear stress at the wafer/particle contact, , the shear stress at the wafer/pad
contact, and T, the shear stress in slurry film. The constants a and # represent the fractional
area in contact with the abrasive particles and the pad asperities. Therefore, the friction
coefficient is expressed as:
p =apa + Jlp +[1-(a+fP)]g, (2.41)
where p. is the friction coefficient due to wafer/particle contact, p, that due to the wafer/pad
contact, and p, that due to shear in slurry film. The friction coefficient in the mixed mode will
be lower than that in the contact mode, but far higher than that in the hydroplaning mode. The
limitation of Eq. (2.41) is that the friction coefficient can only be obtained by experiments
since a and P are generally not known a priori. In the mixed mode, all the factors that affect
the friction coefficient in the contact and hydroplaning modes may have effects.
2.3 Experimental
The polishing experiments used a rotary-type polisher, shown in Fig. 2.4. The stainless
steel wafer carrier is connected to a head motor by a gimbaling mechanism to align the wafer
parallel to the platen surface. Two load sensors and a torque sensor measure the frictional
forces in two orthogonal directions and the torque of the head motor. The capacities of the
load and the torque sensors are 222 N and 5.65 Nm, and the resolutions are 0.067 N and
0.001 N-m, respectively. The head unit is driven by pneumatic pistons for vertical motion and
for applying normal pressure. The platen unit is a detachable 300-mm diameter aluminum
platen and a platen motor. Surfaces of the aluminum platen and the base were ground to
achieve a high degree of flatness and surface finish. The polisher is computer controlled so
that the applied load and rotational speeds of the wafer carrier and platen can be controlled
independently, and the forces and torques on the wafer can be acquired in real
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(2.40)
Figure 2.4 Experimental apparatus.
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time. The entire apparatus is housed inside a laminar flow module equipped with HEPA
filters to ensure a contaminant-free environment.
Silicon wafer substrates, 100 mm in diameter and coated with 20 nm TiN as the adhesion
layer and 1-pm PVD Cu on the top, were the test wafers. The density and hardness of the
coating materials are listed in Table 2.1. A neutral slurry (pH = 7) with A120, abrasive
particles was used. The viscosity of the slurry was about 0.03 Pa -s. Other properties are
shown in Table 2.2. The experiments used a commercial composite pad (Rodel IC 1400). The
pad comprised a microporous polyurethane top layer (Rodel IC1000) and a high-density
urethane foam underlayer. The room temperature elastic moduli of the top pad and the
composite pad were about 500 MPa and 60 MPa, respectively. Further details of the pad are
listed in Table 2.3. Table 2.4 lists the experimental conditions employed in this study.
Each wafer was weighed before and after polishing to calculate the average material
removal rate (MRR). The worn pad surface and Cu-coated wafer surfaces were observed in a
scanning electron microscope (SEM) to characterize the post-CMP pad topography and
surface scratches on wafers.
2.4 Results and Discussion
2.4.1 Friction Coefficient versus the Parameter nv/p. The experimental results are
presented in Table 2.5. The friction coefficient (p), mass loss, volume loss, material removal
rate (MRR), the normalized material removal rate (NMRR) and the Preston constant (kp) are
listed for a wide range of velocities and two pressures. The normalized material removal rate
is defined as the thickness of material removed per unit distance slid, d4'dS, where is the
thickness removed and S the distance slid (= vRt). Both the MRR (d4/dt ) and the NMRR
(d4dS ) are expressed as the ratios of the variables involved, not as their derivatives.
Figure 2.5 shows the effects of relative velocity and pressure on the friction coefficient.
The relative velocities (0.05 to 3.91 m/s) and pressures (14 kPa and 48 kPa) employed in the
experiments cover a wide range of practical CMP conditions. The friction coefficient is
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Table 2.1: Density and hardness of experimental materials.
Density (kg/m3)
8,920
5,430
2,420
Hardness (MPa)
1,220 50
17,640 1,235
8,776 570
*Hardness values based on the microindentation measurements on thin films.
Table 2.2: Properties of slurry.
Abrasive a- A1 2 03
Average Particle Size (pm) 0.3
Particle Hardness (MPa) 20,500
Concentration (vol.%) 2-3
Viscosity (Pa-s) 0.03
pH 7
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Material
Cu
TiN
Si
Table 2.3: Pad properties.
Pad
Material
Thickness (mm)
Density (kg/M 3)
Hardness
Pore Size (pm)
Groove Pattern
Rodel IC1400 (k-grooving)
Polyurethane
2.61 (1.27*)
750*
57 shore D*
20-60 (isolated)*
250 pm wide, 375 pm deep with a
1.5 mm pitch, concentric
* Top pad (IC 1000)
Table 2.4: Experimental conditions
Normal Load (N) 108, 379
Normal Pressure (kPa) 14,48
Angular Speed (rpm) 5 - 420
Linear Velocity (m/s) 0.05 - 3.91
Slurry Flow Rate (ml/min) 150- 250
Duration (min) 2
Sliding Distance (m) 6 - 469
Ambient Temperature (*C) 22
Relative Humidity (%) 35-45
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Table 2.5 Experimental results.
Pressure Velocity 77v/P p Distance Mass Loss Volume MRR NMRR kg
(kPa) (m/s) (pm) Slid (mg) Loss (nm/min) (nm/m) (MPa-1)
(m) (mm3)
14 0.03 0.06 0.41 3.35 1.01 0.11 6.98 4.17 302.13x10-
(2 psi) 0.05 0.10 0.49 5.59 1.77 0.20 12.24 4.38 317.69
0.07 0.16 0.40 8.94 2.39 0.27 16.52 3.70 268.11
0.13 0.28 0.17 15.64 1.93 0.22 13.34 1.71 123.71
0.22 0.49 0.08 26.81 1.40 0.16 9.68 0.72 52.35
0.37 0.81 0.04 44,69 0.63 0.07 4.36 0.19 14.13
0.64 1.40 0.04 77.08 1.60 0.18 11.06 0.29 20.81
1.12 2.43 0.05 134.06 1.88 0.21 13.00 0.19 14.06
2.05 4.46 0.05 245.76 1.71 0.19 11.82 0.10 6.98
3.91 8.51 0.05 469.20 6.36 0.71 43.97 0.19 13.59
48 0.09 0.06 0.44 11.17 4.37 0.49 30.21 5.41 112.05
(7 psi) 0.17 0.10 0.39 20.11 7.38 0.83 51.03 5.06 105.14
0.28 0.17 0.37 33.51 12.81 1.44 88.57 5.29 109.50
0.47 0.29 0.33 55.86 19.64 2.20 135.79 4.86 100.70
0.70 0.43 0.14 83.79 15.93 1.79 110.10 2.63 54.45
1.40 0.87 0.09 167.57 23.88 2.68 165.11 1.97 40.80
2.26 1.41 0.07 271.47 25.54 2.86 176.58 1.30 26.95
1 3.91 2.43 0.06 469.20 32.18 3.61 222.49 0.95 19.65
Slurry: 0.3pm A1 20 3 (2-3 vol.%), pH=7, t7= 0.03 Pa-s , Slurry flow rate = 150 - 250 ml/min
Pad: IC1400
Test duration = 2 min.
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Figure 2.5 The effect of the parameter i)vR / p on friction coefficient at the pressure of 14
kPa and of 48 kPa.
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plotted in Fig. 2.5 against the parameter nv/p in Eq. (2.37). When nv/p is small, i.e., at low
velocity or high pressure, the friction coefficient is high and ranges between 0.40 and 0.49.
As nv/p increases, the friction coefficient falls from these values to 0.1 or lower. The
transition points for the drop in friction for the two applied pressures are slightly off but are in
a narrow range of qv/p. After the transition, the friction coefficient seems to reach a
minimum and then gradually increases with nv/p. The low friction coefficient values
(especially at 14 kPa) are suspect since the friction force was too small to be measured by the
load sensors on the experimental setup.
Nevertheless, the experimental results show a consistent trend between the friction
coefficient and the parameter nv/p. For low nv/p values, the friction coefficient is
independent of both the applied pressure and the relative sliding velocity. Thus, the Coulomb
friction law is valid. The high friction coefficients in the low nv/p regime suggest that the
wafer/pad interface is in the contact mode. After the transition point, the friction coefficient is
no longer independent of pressure or velocity. The friction coefficient decreases with the
nv/p. The mixed mode regime sets in and lasts for over an order of magnitude of the nv/p
value. However, the transition point from high to low friction is only slightly affected by the
applied pressure. The full-fledged hydrodynamic mode, however, was realized for the
experimental conditions chosen because those friction coefficients are far greater than 0.001.
Figure 2.6 presents evidence for wafer/pad contact. It shows the SEM micrographs of the
surfaces of a new pad and of a "glazed" pad after polishing 20 blanket wafers at 60 kPa and
0.79 m/s without conditioning. The corresponding value of nv/p is 0.4x10-6 m. A flattened,
plastically deformed pad surface with pores clogged by the deformed material is apparent.
Such plastic deformation cannot be produced by fluid shear on the pad. Indeed, the flattened
surface suggests that the pad had been in contact with the wafer and the high friction force at
the wafer/pad deformed the pad surface. Since the wafer surface material, Cu, is much harder
than the polyurethane pad, the surface stress may have reached the yield strength of
polyurethane and plastically deformed the pad asperities to conform to the flat Cu surface.
2.4.2 Contact versus Hydroplaning. Several researchers (Nakamura et al., 1985;
Runnel and Eyman, 1994; Levert et al., 1998; Sundararajan et al., 1999) have reported that
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(b)
Figure 2.6 SEM micrographys of pad surfaces: (a) before polishing, and (b) after polishing.
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the CMP process operates in the hydroplaning mode. In order to produce a positive pressure
gradient at the leading edge of the wafer, they assumed a bowed wafer shape (positive
curvature) and numerically solved the Reynolds equation. The estimated film thickness was
about 50 prm and the friction coefficient on the order of 0.001. Surprisingly, however, none of
the works that claims hydroplaning in CMP has measured the friction coefficient to verify that
the process indeed operates in the hydroplaning mode. The present experimental results
clearly do not support that the hydroplaning mode prevails even at high velocities up to 3.9
m/s, for even the lowest friction coefficients measured are far greater than 0.001. Indeed, the
friction coefficient corresponding to the typical iav/p values employed in CMP is high and
falls in the contact regime.
There are several reasons why it is difficult to achieve hydroplaning in both the linear and
rotary CMP machines. (Only the rotary machine will be discussed here, however.) First,
even when the angular velocities of the wafer and of the platen are identical so that the
relative velocity is unidirectional and uniform over the entire wafer surface, the slurry flow is
still two-dimensional. Consequently the one-dimensional analysis, while provides qualitative
understanding of the process, is inadequate for designing and operating a CMP machine in the
hydroplaning mode. The slurry flow rate should be large enough to compensate for side
leakage and to maintain a thick hydrodynamic film from the leading edge to the trailing edge
of the wafer. An inadequate supply of the slurry leads to loss of flow continuity and
hydrodynamic film, which in turn results in contact or partial contact of the wafer with the
pad.
Second, the center of pressure of the hydrodynamic fluid film is not at the center of the
wafer, as is evident from the solution of the one-dimensional Reynolds equation. For a plane
wafer the pressure center is always located toward the trailing edge of the wafer (y, > 0.5D).
Usually, however, the gimbaling point is designed to be above the center of the wafer. Thus,
the resultant hydrodynamic force, which will be slightly off-center, produces net moment on
the wafer to reduce the attack angle. As the attack angle is reduced, the film collapses, and
the normal load cannot be supported by the hydrodynamic film. Thus, all the analyses in the
literature set the gimbaling point at the center, and the wafer is assumed to be bowed so that
the pressure center coincides with the wafer center. There is no guarantee, however, that the
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wafers to be polished will always be bowed. In reality, the wafers may have a negative
curvature or even a saddle shape. In these cases, the pressure gradient at the leading edge will
be negative so that the fluid film cannot be maintained to sustain the normal load. Moreover,
if the two-dimensional flow characteristics of the problem are taken into account, the center of
pressure will not be the same as that for the simplified one-dimensional case. It may be
extremely sensitive to the velocity and slurry flow rate. Indeed, it is difficult if not impossible
to design a rotary CMP machine so that the gimbaling point can always be located at the
center of pressure for a range of pressures and velocities. Thus, it is rare for commercial or
experimental machines to operate in the hydroplaning mode.
Third, both the one-dimensional and the two-dimensional hydrodynamic analyses assume
that the surfaces of the wafer and the pad are rigid and extremely smooth. Clearly, neither of
these assumptions are quite correct. However, the wafer may be assumed to be rigid and
smooth in comparison with the pad. Film thickness must be greater than three times the
composite RMS roughness of the opposing surfaces for hydroplaning to be a viable mode of
operation. At smaller scales this requirement may be met for the wafers and pads employed in
the CMP practice. On the wafer scale, however, the waviness of the wafer and that of the pad
are of interest. Again, if it is assumed that the wafer is flat, the waviness of the pad becomes
critical. For a fluid film thickness of about 20-50 pm as calculated earlier, the amplitude of
the waviness of the pad should be less than 7-16 pm to sustain the hydrodynamic film. It is
unrealistic to expect that commercial polishing pads meet this standard. In fact, if the platen
runout is also taken into account, it is quite difficult to operate the CMP machines in the
hydrodynamic mode. Any unsteady condition might cause part of the wafer to touch the pad,
disrupt the fluid flow, and bring the wafer into the contact mode, or at best into the mixed
mode. It may be concluded, therefore, the wafer/pad interface rarely operates in the
hydrodynamic mode. At best the contact will be in the mixed mode, as supported by the
experimental results shown in Table 5.
2.4.3 Material Removal Rate and the Preston Constant. As suggested by the Preston
equation (Eq. (2.1)), Fig. 2.7 shows the material removal rate, MRR, plotted against the
product pvR. Literature data on Cu polishing (Stavreva et al., 1995 & 97; Luo et al., 1998) are
also included in the plot. The corresponding conditions are shown in Table 2.6. The present
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Figure 2.7 The effect of PVR product (energy flux) on eu removal rate. 
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Table 2.6: Experimental conditions among different researchers
Research Group p (N/m2 ) VR (mis) 77 (Pa.s) Pad
M.I.T. 14, 48 0.05 - 3.91 0.03 IC 1400
Stavreva et al. (1995 13-30 0.25- 1.30 0.005 (4 IC 1000 + SUBA IV
and 1997)'
Luo et al. (1998)2)(3 4 - 66 0.12 - 0.60 0.005"41 IC 1000 + SUBA IV
(1)
(2)
(3)
(4)
SiO 2 based Cu slurry (Rodel XJFW7355 and XJFW8099) diluted with 30 % H20 2 (3:1).
SiO 2 based Cu slurry (Rodel QCTT10O) diluted with 30 % H20 2 (3:1).
5 wt.% SiO2 abrasive with 0.1 M Fe(NO,), and 0.005 M BTA.
Viscosity is assumed based on the data of similar commercial products.
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data are obtained with a neutral slurry over a wide range of pVR values, whereas the literature
data represent chemical mechanical polishing but over a narrow range of p and vR. The mode
of contact, however, should not depend on the chemistry of the slurry. Thus, if the
mechanism of material removal is not affected by variation in p, vR, or pvR, the scatter in the
data should be small. The slope of a line drawn through the data points is the Preston
constant. The large scatter in the data clearly shows that the Preston constant is indeed not
constant. Figure 2.8 shows a plot of the Preston constant versus pvR for the present
experimental data and those obtained from the literature. It is apparent that the data are
widely scattered because the wafer/pad interface is not in contact for the majority of the pvR
values.
Thus, to better delineate the effect of contact conditions, the normalized material removal
rate, NMRR, and the Preston constant, k 1 , is plotted in Figs. 2.9 and 2.10 against the
dimensional parameter tlv/p in Eq. (2.37), respectively. The NMRR and Preston constant do
not depend on the applied pressure and the velocity when rqv/p is small. It is about 0.2x10-6
MPa-1 at 14 kPa and 0.1x10-6 MPa-1 at 48 kPa. The Preston constant stays high at low vy/p,
i.e., in the contact mode, and drops down after the critical value, denoted as (flv/p),. The
experimental results show that the transition occurs around the same (qv/p), for both
pressures. This implies that the Preston constant is independent of pressure and velocity when
the wafer/pad interface is in the contact mode. After the transition point, the Preston constant
decreases as vR increases or p decreases. The Preston constant shows the same trend as that of
friction coefficient, Fig. 2.5, and the transition in kp occurs at about the same values of nv/p.
In the transition regime, the Preston constant is not independent of pressure and velocity. It is
found that kp varies as (qv/p) -I at l4kPa and as (nv/p) -0.5 at 48 kPa in the mixed regime.
The variation of k can be explained in terms of the shifting interfacial conditions. In the
mixed mode, the friction coefficient decreases with nv/p. This implies that the wafer/pad
contact area also decreases with rlv/p. Lack of contact further reduces the material removal
rate because the fluid shear and the motion of the loose particles in the discontinuous fluid
film cannot apply sufficient pressure on the wafer surface and remove material. With
increasing nv/p, particle rolling will increase and particle translation will decrease. In fact,
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some researchers tried to fit their data numerically to account for the variation of the Preston
"constant" at low pressure or high velocity conditions by a polynomial function of the pVR
product (Zhao and Shi, 1999), or to introduce extra pressure and/or velocity terms to the
Preston equation (Luo et al., 1998). They proposed that the interfacial shear stress and
particle velocity enhance the chemical reaction rate or mass transfer from the wafer surface.
However, the variation in kg might just be due to the varying interfacial contact modes as Fig.
2.9 shows. Thus each contact mode is expected to have a different Preston constant.
A cross plot of the Preston constant versus friction coefficient is shown in Fig. 2.11.
Before the transition point, i.e., at the beginning of the mixed mode, the Preston constant and
friction coefficient are positively correlated; the correlation coefficient is almost 1. However,
the Preston constant shows less correlation with the friction coefficient with an increase of
fv/p in the mixed mode. Figure 2.10 demonstrates the variation in material removal rates
with different contact modes.
2.4.4 Process Optimization. The effects of the parameter flv/p on the friction
coefficient and Preston constant provide an opportunity to optimize the CMP process. For a
certain slurry viscosity, the different wafer/pad contact regimes can be delineated in the vR-p
space as shown in Fig. 2.12. Corresponding to the critical point (]7v,/p), for transition from
contact mode to the mixed mode (Fig. 2.5), a line L, with the slope (nv/p), is drawn in Fig.
2.12 to represent the transition points for different pressures and velocities. The region
bounded by LI and the p-axis represents the contact mode. Similarly, another line, L2, with a
greater slope to represent the transition from the mixed mode to the hydroplaning mode is
drawn. The region bounded by L2 and the vR-axis represents the hydroplaning mode. The
region bounded by L, and L2 represents the mixed mode.
Two wafer-scale requirements, material removal rate (MRR) and within-wafer non-
uniformity (WIWNU), should be simultaneously satisfied for CMP process optimization. A
high Preston constant regime should be chosen for high MRR. This corresponds to the
contact regime below line LI in Fig. 2.12, where the Preston constant is high and independent
of both p and vR. From the viewpoint of reducing WIWNU, the contact mode is preferable
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with co, = o), because the wafer/pad contact interface is more stable than the hydroplaning
mode or the mixed mode and the velocity is uniform over the entire surface of the wafer.
From Eq. (2.1), the pv, product should be as high as possible to increase the MRR, i.e., the
highest velocity available is preferable in the contact regime for a given pressure and vice
versa. This suggests that the optimal conditions are located on the line L,. However, a high
pressure requires a sturdy machine structure, which generally sets an upper limit for the
applicable pressur. In addition, even a small vibration of the machine at high pressure might
result in large fluctuations on the normal load and friction force at the wafer/pad contact
interface, and thus increase the WIWNU. These considerations suggest that the pressure
increase cannot be unlimited. Similarly, extremely high velocities are not desirable because it
is difficult to retain the fluid slurry on the platen at high velocities.
Even a more important consideration for the choice of pressure and velocity is that of heat
generation. The rate of thermal energy generation due to friction, P, can be expressed as
P = p if r.pVR (2.42)
The higher the value of the product pvR is, the more the heat generation rate is. The
typical value of heat generation rate for a 100-mm diameter Cu wafer polished at 48 kPa
normal pressure and a velocity of 0.5 m/s is about 80 W. The frictional heat will raise
temperature and vary the chemical reaction rates locally and thus deteriorate polishing
uniformity. In the contact mode, the heat generated might not be efficiently removed by the
slurry transport because the volume flow rate through the interface is rather low. Even with
external cooling of the pad and the wafer carrier, the heat removal rate could still be limited
due to the low thermal conductivities of the silicon wafer and the polyurethane pad. Thus an
upper limit for the applicable pvR product can be set as pvR = C, where C is a constant that
depends on the friction coefficient, geometry, and the thermal properties of the polishing
head, platen, pad, and so on. The constraint pv, = C is shown as a rectangular hyperbola in
Fig. 2.12. The optimal process condition (p ', v,') is defined by the intersection of pvR = C
with L,. Operation of the CMP process in the mixed and hydrodynamic modes is not
optimum for reasons cited earlier. In practice, appropriate external cooling may be installed
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in the polishing head and the platen to improve the efficiency of heat removal and increase the
constant C. Thus a higher MRR can be achieved by increasing the optimal p'vR product. For
other practical reasons (such as mechanical vibration, slurry retainment), however, the optimal
pressure and velocities could be somewhat different from p * and v4. Thus the friction force
measurements during CMP could be effectively used, according to Eq. (2.42), to characterize
the process regime, identify the transition point from contact mode to mixed mode, and
determine the optimal pressures and velocities for process optimization.
2.5 Conclusions
Three wafer/pad contact conditions, contact, hydroplaning, and mixed modes, were
proposed for the CMP process. Models for identifying each mode based on the friction
coefficient were formulated. The friction coefficient varied by one or two orders magnitudes
among the different contact modes because the resistance to wafer motion can change by
orders of magnitude in the presence of a thin slurry film. Typically, the friction coefficient for
contact mode is on the order of 0.1, for mixed mode on the order of 0.01 to 0.1, and for full-
fledged hydrodynamic mode it will be 0.001. This wide range in friction suggests that friction
coefficient can be used as an effective indicator to monitor the contact conditions in the CMP
process.
Experiments on Cu blanket wafers with neutral A1 20 3 slurry were conducted to verify the
models for a wide range of pressure and velocity settings. The results suggest that the CMP
process must be operated in the contact mode. Hydroplaning is not a stable process mode in
terms of the gimbaling point location, wafer curvature, and fluctuations in slurry flow.
Accordingly, the important issue in CMP process design is to select process parameters to
maintain the process in the stable contact regime.
The effects of process parameters on the material removal rate and the relations between
the friction coefficient and the Preston constant were examined. The results show that the
Preston constant is only independent of the pressure and velocity in the contact regime.
Moreover, the high correlation between the friction coefficient and the Preston constant in the
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contact mode suggests the possibility of using friction coefficient to monitor the material
removal rate in CMP. Further study on the polishing mechanisms and the role of chemistry in
CMP is required to determine the correlation between the friction coefficient and the Preston
constant and the material removal rates.
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Nomenclature
A=
D =
Fn, Ft =
F, Fy =
fA, ft =
H=
h=
h=
h, h2 =
k,=
L=
P =
Pave =
p'=Q,, QW =
q, 
=
r, 0 =
r =
rU, r, =
Ux, y , UzP
U, ,, , =
x, ,w,w=
VR =R
VR
V, Ve =
vr,R ' O,R =-
v R , =
x, y, z =
, =
(00 =
p =
Pa, P,, p, =
r., , r, =
xx
F, =
apparent area of wafer (M2)
diameter of the wafer (m)
normal and tangential forces on wafer (N)
x and y components of friction force (N)
normal and tangential forces per unit width (N/m)
ratio of inlet and outlet slurry film thicknesses = h,/h2
slurry film thickness (m)
characteristic slurry film thickness (m)
slurry film thicknesses at the inlet and outlet of wafer/pad interface (m)
Preston constant (m2/N)
normal load on wafer (N)
the rate of thermal energy generation due to friction (W)
normal pressure on wafer (N/m2)
optimal normal pressure (N/m 2)
nominal pressure on wafer(N/m2 )
torques exerted on pad and wafer
slurry volume flow rate per unit width (m2/s)
polar coordinates
distance between the centers of the wafer and the pad (m)
distances between a given point on the wafer and the centers of the pad and
the wafer (m)
the x- , y-, and z -direction velocity components of the pad (m/s)
the x- , y-, and z -direction velocity components of the wafer (m/s)
optimal relative velocity (m/s)
magnitude of the relative velocity (m/s)
the velocity components in the r, 0 coordinates (m/s)
magnitude of components of average relative velocity in r, 0 directions (m/s)
two-dimensional velocity field of the slurry film (m/s)
Cartesian coordinates
location of the pressure center in the y direction
weight factors
angular velocities of the pad and the wafer (rad/s)
viscosity of the slurry (Pa.s)
Coulomb friction coefficient
friction coefficients
shear stresses (N/m2)
fluid shear stress on wafer (N/m2)
thickness of the material removed on wafer surface (m)
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CHAPTER 3
MECHANISMS OF MATERIAL REMOVAL IN
THE CMP PROCESS
The Chemical Mechanical Polishing (CMP) process is now widely employed in the
manufacture of Ultra-Large-Scale Integrated (ULSI) circuits. Yet, the effects of various
process parameters on the material removal rate (MRR) and the resulting surface topography
are not well understood. In this chapter, accordingly, several polishing models are reviewed
with emphasis on the mechanical aspects of CMP. Experiments are conducted to verify the
mechanical polishing models and to identify the dominant mechanism of material removal
under typical CMP conditions. The effects of such important process parameters as the
hardness of material being polished, pad stiffness and the abrasive size on MRR, Preston
constant, wear coefficient, within-wafer nonuniformity and surface roughness are
investigated. Process optimization schemes for enhancing MRR and Preston constant and for
meeting the process specifications are also proposed.
3.1 Introduction
The main objectives of CMP are to smooth surface topography of dielectric deposits to
enable multilevel metallization, or to remove excess coating material to produce inlaid metal
damascene structures and shallow isolation trenches. Although CMP's ability to achieve
global planarity and produce scratch-free surfaces has been proven, the mechanisms of
material removal are still not clearly understood. The various models developed so far,
although significant, only addressed partial aspects of the process (Brown et al., 1981; Cook.
1990; Yu, 1993; Runnels and Eyman, 1994; Liu et al., 1996: Sundararajan et al., 1999).
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Although CMP is now extensively used for fabricating integrated circuits, the polishing
process itself finished optical lens for several centuries. Sir Isaac Newton (1695) observed
that scratch size decreases as abrasive size is decreased. By using very fine grain abrasives,
he noted, it is possible to continually fret and wear away the glass and produce a polished
surface on which the scratches become too small to be visible. Along the line of this
hypothesis, Lord Rayleigh found that the polishing process produces highly reflective,
structureless facets in a discontinuous fashion (Rayleigh, 1901). Further polishing does not
improve the quality of the facets but extends their boundary. He suggested that the difference
between polishing and grinding can occur by changing the character of the backing without
altering the grit size. In polishing, a smaller force is applied on the abrasive by a soft,
yielding backing and therefore removes material on a much finer scale, perhaps on the
molecular level. Later research showed that polishing and grinding are not fundamentally
different (Aghan and Samuels, 1970). Very fine-scale scratches were found on the polished
metal surfaces by phase-contrast illumination, even though they look perfectly smooth under
ordinary light. Experiments also showed that brittle fracture occurs on ceramic surfaces under
certain circumstances (Komanduri et al., 1997).
Another line of research suggested that polishing is the result of surface melting (Beilby,
1921; Bowden and Hughes, 1937). Proposed by Beilby and developed by Bowden and
Hughes, this hypothesis states that the asperities on the surface might reach melting
temperature during contact rubbing. The melt would smear from the high spots over the
depressions and thus produce a smooth surface. It was shown that the material removal rate
strongly correlates with the melting point of the material being polished, not with its hardness.
However, later research showed that the correlation does not hold for materials with high
melting temperature, and that the material removal rate depends on the relative hardness at the
temperature of rubbing conditions, which implies some sort of abrasion mechanism
(Rabinowicz, 1968; Samuels, 1971).
In addition to the abrasion and melting mechanisms, adhesion was also considered as a
means of material removal in polishing (Rabinowicz, 1968). He proposed that when two
sliding surfaces are in contact elastically under a light load, the adhesion force tends not to
remove material as substantial fragments. Because excessive energy is required to remove
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these high surface-to-volume ratio fragments, the surface material will be stripped off from
the high spots on a molecular scale. The rate of material removal does depend, however, on
the strength of the chemical bonds between molecules, which is measured in terms of the
latent heat of evaporation. However, no direct evidence has been presented to prove that
adhesion indeed plays an important role in polishing.
Recently, much attention has been paid to the effects of chemicals in the polishing slurry.
Chemicals can effectively improve the polishing rate and reduce scratching (Cook, 1990;
Komanduri et al., 1997; Luo et al. 1998). Some researchers have suggested that chemical
action, enhanced by mechanical stress and temperature, is the dominant factor in polishing
because material on molecular-scale cannot be achieved by mechanical abrasion alone.
Nevertheless, the material removal rate (MRR) for various coatings is empirically found to
proportionally increase with the product of applied pressure and relative velocity, which may
be expressed as (Preston, 1921):
= k,, pvR (3.1)
dt
where h is the thickness of the layer removed, t the polishing time, p the nominal pressure, vR
the relative velocity, and k, is a constant known as the Preston constant. It may be noted that
Eq. (3.1) can be used on both local and global scales. When it is employed to estimate the
average removal rate across the wafer surface, the thickness removed should be much larger
than the variation in surface roughness. In tribology, the wear equation is another way to
represent the volume worn in sliding or abrasive wear situations (Holm, 1946; Archard,
1953):
V =kLS (3.2)
H
where V is the volume removed, L the load on the sample, S the relative sliding distance, H
the hardness of the worn material concerned, and k. is the wear coefficient. It may be noted
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that the wear equation is concerned only with the total worn volume, regardless whether the
surface is worn uniformly. The wear coefficient, to a first approximation, can be used to
categorize the wear processes, i.e., the wear coefficient will be approximately the same for
various materials if the wear mechanism is the same.
In this chapter, the mechanisms of polishing are investigated and several polishing
theories are examined experimentally. Models relevant to wafer usual polishing practice,
which includes a compliant pad and a common abrasive and the range of pressure and velocity
at common operations, are established. Different aspects of the process, such as the material
hardness, abrasive size, pad stiffness and its porous structure, are addressed and correlated
with friction coefficient, material removal rate, Preston constant, and wear coefficient. The
variation of material removal rate across the wafer is also addressed. Finally, a process
optimization scheme based on the models and experimental results is proposed.
3.2 Experimental
All test specimens were in the form of 1 pm thick coatings on 100-mm diameter p-type
(Il1l) silicon wafers. The coatings were Al, Cu, SiO (PECVD), SiO, (TEOS), and SiN,. A
20 nm TiN as an adhesion layer was sputter-coated for the Al and Cu coatings. The SiO 2 thin
films were deposited on the wafers using silane or by TEOS (tetraethyloxysilane) by a
PECVD process. The SiN, film was deposited by a LPCVD process. Table 3.1 lists the
density, melting temperature, modulus of elasticity, and Poisson's ratio of the coatings. The
hardness of the films was measured by Knoop microindentation. The results are also shown
in Table 3.1.
The polishing experiments were conducted on a rotary-type polisher. Table 3.2 lists the
experimental conditions. A wafer was held in the recess of the wafer carrier and pressed
against a polishing pad at a constant normal pressure of 48 kPa for each experiment. The
wafer carrier and the pad were rotated at 75 rpm to maintain a constant relative velocity of 0.7
m/s across the wafer. These conditions ensure that polishing was conducted in the contact
78
Table 3.1: Physical and mechanical properties of experimental coatings.
Material Density Melting Point Young's Modulus Poisson's Ratio Hardness
(kg/m3) (K) (GPa) (MPa)
Al 2,700 933 62' 0.33 591 26*
Cu 8,920 1,357 128' 0.30 1,220 50*
Sio, (PECVD) 2,240 1,883 74"t 0.17 9,793+ 1253
SiO2 (TEOS) 2,170 - - 13,161 1,187
Si3N4  2,350 2,173** 304" 0.27 19,580 1,918
A1 20 3 3,970 2,318 380" 1 0.23 20,580
* Bulk materials.
* ASM Metals Handbook, ASM International.
** Sublimation temperature.
" Handbook of Materials Science, CRC Press Inc.
Table 3.2: Experimental conditions.
Experimental Parameters Present Work
Diameter of Wafer (mm)
Normal Load (N)
Normal Pressure (kPa)
Rotational Speed (rpm)
Linear Velocity (m/s)
Duration (min)
Sliding Distance (m)
Slurry Flow Rate (ml/min)
Abrasive
Abrasive Size (nm)
pH
100
391
48
75
0.70
1-4
42 - 168
150
a-Al20
3
50, 300, 1000
7
Typical CMP
Conditions
200
1,297 - 1,565
41-48
25 -40
0.5-0.8
2-4
60 - 192
100-200
Sio2, Al2 3
150-300
3 - 4 for metals
9 - 10 for ceramics
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mode. This was verified by monitoring the friction forces in two orthogonal directions on the
wafer with load sensors. Table 3.2 also lists the operating conditions of typical CMP practice
for comparison with those of the present work. In addition to the 300 nm X-A 20, abrasives
used in common CMP practice, two other sizes of Al203 particles were employed to study the
size effects. A neutral slurry was used to focus only on the mechanical aspects of the
polishing process.
Two types of commercial polyurethane pads, shown in Figs. 3.1 and 3.2, were used. The
Buehler CHEMOMET pad is a lighter, softer 1 mm thick pad composed of irregular,
interconnected pores of an average diameter of 15 pm. Pore size increased three to four times
and the matrix density decreased in the bottom third of the pad. The Rodel IC-1400 pad
comprises two stacks. The top is a stiff 1.3 mm thick stack with spherical, isolated pores of
40 pm in diameter. In addition, concentric grooves, 500 pm wide, 750 pm deep, with a 1.5
mm pitch are molded onto the surface to enhance wafer-scale slurry dispensing. The bottom
stack comprises a lighter 1.3 mm thick foam with interconnected pores twice as large as those
of the top pad. The room temperature elastic moduli of the top and bottom pads were about
500 MPa and 60 MPa, respectively.
The average Material Removal Rate (MRR) for each coating was determined by weighing
the wafer before and after polishing. For the Si0 2 coatings, the thickness was measured by
ellipsometry at 49 fixed sites across the wafer to determine the local removal rate and the
Within-Wafer Nonuniformity (WIWNU). The polished surfaces were examined in a
Scanning Electron Microscope (SEM) and by an Atomic Force Microscope (AFM) to
characterize surface roughness and surface scratches.
3.3 Results
3.3.1 Friction Coefficient. Figures 3.3 and 3.4 show the friction coefficient plotted
against polishing time for different coating materials on both the Buehler and Rodel pads with
300 nm Al 203 abrasive slurry. The polishing time was varied so that the coatings were not
polished through. The friction coefficient, except at the beginning, remains constant
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(a)
(b)
Figure 3.1 SEM micrographs of Buehler CHEMOMET pad: (a) top surface and (b) cross-
section near the top surface.
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(a)
(b)
(c)
Figure 3.2 SEM micrographs of Rodel IC-1400 pad: (a) top surface, (b) cross-section of the
top stack, and (c) cross-section at the interface between the top and the bottom stacks.
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Figure 3.3 Friction coefficient versus time for various coatings: Buehler CHEMOMET pad,
300 nm abrasive.
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throughout the process. The initial high friction coefficient might be due to direct contact
between the coating surface and the pad asperities without fully dispensed slurry. After a few
seconds, the friction coefficient drops to a lower, steady value. The steady-state friction
coefficient ranges from 0.15 to 0.28 on the Buehler pad, and from 0.09 to 0.17 on the Rodel
pad for all coatings tested. According to Chapter 2, the friction coefficient of the order of 0.1
indicates that the wafer/pad interface is in the contact regime. For some experiments on the
Rodel pad, the contact condition may have been close to the transition point to the mixed
mode because the friction coefficient is slightly less than 0.1. The friction coefficient is
slightly higher for Al and Cu and lower for SiO 2 and SiN4 . However, the difference is small,
around 0.1 to 0.2, comparable to variations for the same material.
Tables 3.3 and 3.4 present the experimental results with Buehler and Rodel pads,
including friction coefficient, mass loss, volume loss, material removal rate (MRR),
normalized material removal rate (NMRR), Preston constant (k,), and wear coefficient (k.).
Figure 3.5 shows the friction coefficient against the hardness of the coating materials. The
friction coefficient and material hardness are not strongly correlated over a wide range of
hardness. The friction coefficient is, however, consistently higher for soft materials like Al
and is generally higher on the Buehler pad for all experimental coatings.
3.3.2 Material Removal. Figure 3.6 shows the effect of material hardness on material
removal. The MRR, ranging from 330 nm/min to 4 nm/min, decreases with the increase in
the hardness of the coating. The solid line is a linear least-square fit of the data for both pads
on logarithmic scales. The slope of the line is about -1.155, which indicates that MRR is
approximately inversely proportionate to the hardness of the coating. Additionally, both pads
yield similar slopes, - 1.147 for the Buehler pad and -1.164 for the Rodel pad. This implies
that the wear coefficient of coatings is the same (Eq. (3.4)) because the same normal pressure
and velocity were applied in all experiments. The intercepts of the lines with the abscissa at
which hardness is 1 MPa are 5.739, 5.755 and 5.724 for overall data and for the Buehler and
Rodel pads, respectively. Thus the MRR is 1.07 times greater on the Buehler pad. This is
almost negligible considering the variation in the data. Figure 3.7 shows the effects of
hardness on normalized material removal rate (NMRR). The plot is similar to Fig. 3.6
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Table 3.3: Experiment results on blanket wafers (Buehler CHEMOMET Pad).
Coating p Duration Distance Slid Mass Loss Volume Loss MRR NMRR kp kw
(min) (i) (mg) (mm3) (nm/min) (nm/m) (MPa-1)
Al 0.28 1 42 7.19 2.66 328.46 7.84 162.42x10~ 9 0.96xl0~4
0.26 1 42 7.56 2.80 345.37 8.24 170.78 1.01
Cu 0.22 2 84 27.83 3.12 192.42 4.59 95.14 1.16
0.23 2 84 30.93 3.47 213.85 5.10 105.74 1.29
SiO 2  0.28 2 84 0.52 0.23 14.32 0.34 7.08 0.69
(PECVD) 0.19 2 84 0.32 0.14 8.81 0.21 4.36 0.43
SiO 2  0.15 4 168 0.80 0.37 11.37 0.27 5.62 0.74
(TEOS) 0.18 4 168 0.78 0.36 11.08 0.26 5.48 0.72
Si3N4  0.15 4 168 0.54 0.23 7.09 0.17 3.50 0.69
0.20 4 168 0.68 0.29 8.92 0.21 4.41 0.86
00
Table 3.4: Experiment results on blanket wafers (Rodel IC-1400 Pad).
Coating p Duration Distance Slid Mass Volume Loss MRR NMRR kp kw
(min) (m) Loss (mm3) (nm/min) (nm/m) (MPa-1)
(mg)
Al 0.11 1 42 6.14 2.27 280.50 6.70 138.70x10~ 9 0.82x10~ 4
0.17 1 42 10.98 4.07 501.60 11.97 248.03 1.47
Cu 0.15 2 84 13.90 1.56 96.10 2.29 47.52 0.58
0.15 2 84 16.85 1.89 116.50 2.78 57.60 0.70
SiO 2  0.09 2 84 0.34 0.15 9.36 0.22 4.63 0.45
(PECVD) 0.14 2 84 0.44 0.20 12.11 0.29 5.99 0.59
SiO 2  0.09 4 168 0.74 0.34 10.52 0.25 5.20 0.68
(TEOS) 0.10 4 168 0.99 0.46 14.07 0.34 6.96 0.92
Si3N4  0.09 4 168 0.39 0.17 5.12 0.12 2.53 0.50
0.09 4 168 0.30 0.13 3.94 0.09 1.95 0.38
00
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Figure 3.5 Effect of coating hardness on friction coefficient with 300 nm abrasive.
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Figure 3.6 Effect of coating hardness on material removal rate with 300 nm abrasive.
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because the NMRR is defined as the MRR divided by the relative velocity, which is the same
in all experiments. The NMRR ranges from 0.1 nm/m for SiN4 to 10 nm/m for Al.
Based on the Preston Equation Eq. (3.1), the Preston constant is calculated and plotted
against coating hardness in Fig. 3.8. The trend of the data and the slope of the linear least-
squares fit are the same as those on the MRR plot because the normal pressure and relative
velocity were the same in all experiments. Figure 3.9 shows the relation between the wear
coefficient and coating hardness. There is no significant correlation between wear coefficient
and hardness. This verifies the relation between the Preston constant and the wear coefficient
given in Eq. (3.5). The wear coefficient is about 10~ 4 for all coatings. When compared to
other wear situations such as 0.1 -1 in cutting process and 10-2101 in grinding, the much
smaller wear coefficient in polishing indicates that not only the scale of material removal is
smaller, but the mechanism(s) might be different. The detailed mechanism(s) of the material
removal will be addressed in a later section.
Figure 3.10 is a MRR bar graph of the two different polishing pads. For each coating
material, the Buehler pad seems to enhance MRR for both Al and Cu, about 1.2 and 1.9 times
higher than that on the Rodel pad. However, there is almost no significant difference in MRR
for both SiO 2 and Si3N4. Figure 3.10 further emphasizes the great difference of MRR between
metals and ceramics which must be addressed in metal-patterned wafer polishing.
3.3.3 Within-Wafer Nonuniformity. The MRR reported above is an average value,
i.e., the coating material is assumed to be removed uniformly across the wafer and thus the
thickness reduction rate can be calculated directly from the volume loss. However, the
material removal rate actually may vary across the wafer due to the non-uniform pressure
distribution on the wafer surface or due to the pad compliance. Figure 3.11 shows examples
of pad stiffness on the PECVD SiO 2 thickness variation across the wafer. The within-wafer
nonuniformity (WIWNU) increased slightly, from 0.78% to 1.00%, on the Buehler pad and
decreased slightly, from 0.81% to 0.76 %, on the Rodel pad after 2 minutes of polishing.
Table 3.5 compares WIWNU before and after polishing on Rodel pads for SiO2 and Si3N4.
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Figure 3.8 Effect of coating hardness on Preston constant with 300 nm abrasive.
93
-2
10
Buehler Rodel
Al A A
Cu El N
SiO 2(PECVD) 0 0
S1O 2 (TEOS) Q s
-3 Si3N 4  0 0
ac)10
0
a) 
-4 F3: 10 0 0
00
00
10
10 2 3 4 5
10 10 10 10
Hardness, MPa
Figure 3.9 Effects material hardness on wear coefficient for experimental pads with 300 nm
abrasives.
94
400
350
C
E 300
C
.6 250
- 200
0
q 150
-2 100
a)
| 50
0
7-
n -am -
Buehler Pad
Figure 3.10
WAl
DlCu
EM SiO 2(PECVD)
|| 0 2
(TEOS)
sip,
* Sil-
Rodel Pad
Comparison of material removal rates of various coatings: Buehler and Rodel
pads with 300 nm abrasive.
95
1.1
Buehler
' 1.05
E 0 Before Polishing
V 0.95 - -After Polishing
0.920 3 40 5
50 -40 -30 -20 -10 0 10 20 30 40 50
Distance from the Wafer Center (mm)
(a)
44 I I
-40 -30 -20 -10 0 10
Distance from the Wafer Center (mm)
20 30 40 50
(b)
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represent the thickness before and after polishing, respectively
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Table 3.5: Within-wafer nonuniformity (WIWNU) before and after polishing on Rodel
pad.
Coating Before Polishing After Polishing
WIWNU(%) WIWNU(%)
SiO 2 (PECVD) 0.81 0.76
SiO 2 (TEOS) 1.20 2.32
Si3N4 0.56 0.80
* Abrasive: 300 nm ct-Al 203 .
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3.3.4 Surface Roughness and Scratches. Figure 3.12 is a SEM micrograph of the
surface of a Cu wafer after polishing on a Rodel pad. There are two major effects from the
abrasive action in polishing: defects like scratches and pits and increased surface roughness.
Figure 3.13 shows the AFM micrographs of a Cu surface on a 5pm x 5pm area near the wafer
center before and after polishing with 50 nm, 300 nm, and 1000 nm abrasives, respectively.
Figure 3.13 (a) shows a spotty microstructure on the Cu wafer surface after sputtering. After
polishing, the initial structure is removed and many fine grooves and a few deep, big scratches
were observed on the surface. Deep and wide scratches were found on the Cu surface
polished with larger size abrasives. Moreover, neither wear debris nor wedges were found on
the surface. Therefore, the grooves might be primarily formed by slight plowing due to the
repeated loading and sliding of abrasive particles.
Three statistics from the three-dimensional profile data were obtained to characterize the
surface. The mean roughness, R, and the root-mean-square (RMS) roughness, Rq, represent
the surface roughness, and the maximum roughness, Rz, the depth of the scratches. For all
three abrasive sizes, Ra, Rq, and Rz increase after polishing on the Cu wafers. Both Ra and Rq
increase slightly with the abrasive size, about 1.6 times for 20 times increase in abrasive size.
However, RZ increases about 2.3 times with the abrasive size from 50 nm to 300 nm, but
barely changes for 300 nm to 1000 nm. Figure 3.14 shows the cross-sections of the surface
scans. The deep grooves increase both in number and depth with the increase of abrasive size.
This means that the scratch density and depth increase with the abrasive size. Table 3.6
summarizes the effects of abrasive size on Cu wafers. The material removal rate on Cu
wafers increases about 2.2 times when the particle size increases from 50 nm to 300 nm, and
1.2 times more when the size is further increased to 1000 nm. However, increased particle
size does not increase Ra and R,. The important effect of increasing abrasive size on surface
characteristics is to increase the scratch size and density.
Table 3.7 lists the surface roughness of various surface coatings before and after polishing
on the Rodel pad with 300 nm abrasive slurry. The mean and RMS roughnesses for both
metals and ceramics remain low afer polishing. Nevertheless, the maximum roughness
increases about six and three times on Al and Cu, respectively, while increasing less than one
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Figure 3.12 SEM micrograph of a Cu-coated wafer surface after polishing.
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Figure 3.13 AFM micrographs of Cu surfaces (a) before polishing (Ra= 3.7 nm, R,= 4.6 nm,
and R7= 35.1 nm), (b) polished with 50 nm abrasives (R,= 3.8 nm, Rq = 4.8 nm, and Rz= 41.6
nm), (c) polished with 300 nm abrasives (R,= 4.0 nm, Rq= 5.7 nm, and R,= 98.2 nm), and (d)
polished with 1000 nm abrasives (Ra= 6.0 nm, Rq= 7.9 nm, and R7= 85.4 nm).
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Figure 3.14 AFM micrographs of corss-sections of Cu surfaces: (a) before polishing
(Ra= 3.7 nm, R,= 4.6 nm, and R,= 35.1 nm), (b) polished with 50 nm abrasives (Ra= 4.0 nm,
Rq= 4.9 nm, and Rz= 17.5 nm), (c) polished with 300 nm abrasives (Ra= 2.5 nm, Rq= 3.3 nm,
and Rz= 8.1 nm), and (d) polished with 1000 nm abrasives (Ra= 7.1 nm, Rq= 10.4 nm, and Rz=
50.6 nm).
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Table 3.6: Abrasive size effects in copper polishing.
Particle Size
(nm)
MRR
(nm/min)
Surface Roughness
R 14(nm)
50 51 3.8 4.8 41.6
300 112 4.0 5.7 98.2
1,000 133 6.1 7.9 85.4
102
R, (nm)R.(nm)
Table 3.7: Surface roughness before and after polishing on Rodel pads with 300 nm abrasive.
Material Before Polishing After Polishing
R. (nm) R, (nm) R, (nm) R (nm) R, (nm) R, (nm)
Al 1.7 2.2 23.7 6.4 10.8 140.1
Cu 3.7 4.6 35.0 4.0 5.7 98.2
SiO 2 (PECVD) 1.3 1.5 12.1 1.5 1.8 18.9
SiC 2 (TEOS) 1.1 1.4 11.6 1.2 1.4 14.0
Si3N4 1.0 1.2 10.1 1.1 1.2 12.1
0
and a half times on Si02 and SiN. Figure 3.15 shows that the surface roughness and
scratches are affected by the pad stiffness for Cu samples. The mean and RMS roughnesses
are not affected by the pad used. However, the maximum roughness seems to correlate with
the pad stiffness. The stiffer the pad, the higher the R'.
3.4 Discussion
Several models of polishing have been proposed over the decades. They include: surface
melting, brittle fracture, microcutting, and burnishing. Each model emphasizes some
fundamental mechanism of polishing and attempts to explain the phenomenon of material
removal. Because many variables are involved in polishing (e.g., materials, pressure and
velocity on the specimen, polishing pads, and abrasive), a single mechanism cannot explain
all aspects of polishing. Nevertheless, the following sections review several analytical models
to elucidate the effects of certain process parameters on friction, material removal, and
topography of polished surfaces. The present experimental results on wafer polishing are
examined in light of these models.
3.4.1 Surface Melting. When two surfaces slide relatively, most of the work done is
converted into heat. In polishing, the heat is generated at the particle/surface contact area, a
small fraction of the nominal area, and mostly diffuses through those contacts. A much
higher temperature rise, or flash temperature, is expected at those contacts than in the bulk and
may be sufficient to soften or even melt the surface. Many polishing situations create a thin,
amorphous layer. Some researchers attribute this phenomenon to the rapid solidification of
the melt (Bowden and Hughes, 1937). Wear occurs when the softened or melted material is
smeared over the surface and eventually comes off the interface. The flash temperature T
depends on the geometry of particle/wafer contacting area and the thermal conductivities of
the sliding surfaces. In the steady state, T can be expressed as (Jaeger, 1942; Bowden and
Tabor, 1950; see Appendix A):
f = 2A k, (3.3)
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Figure 3.15 Surface roughness of Cu coatings polished with 300 nm abrasive.
105
where T0 is the bulk temperature far away from the contact, P the friction coefficient, f, the
normal load on the abrasive, vR the relative sliding velocity, w radius of the circular contact
region of a spherical abrasive particle, and k, and k 2 are the thermal conductivities of the
coating material and the particle, respectively.
The bulk temperature can be assumed to be the room temperature, since the polishing
period is short and the back sides of the wafer and the pad are sometimes cooled. If it is
assumed that heat transfer into the particle/pad side is negligible, since the thermal
conductivity of Al 20, is much smaller than the metallic coatings, Cu and Al, the flash
temperature can be estimated by Eq. (3.3). The friction coefficient and the width of the
contacting area are about 0.15 and 80 nm for Cu polishing with 300 nm Al 20,. As shown
later, the normal load on a particles is about 6x 106 N. Using these data, the increase of flash
temperature (T - T) for Cu polishing is estimated to be 6.5xlO- K, thus melting is unlikely.
Melting is even less likely for ceramic coatings because of the much higher melting point of
those materials. In fact, the flash temperature in the CMP conditions will stay low because of
the low sliding velocity, the light load applied on the small abrasive, and the low friction
coefficient due to the presence of slurry.
The removal of material from the coating surface in the melting mode requires both that
the flash temperature reaches the melting temperaturo and the melt form hot wear particles or
a molten stream which will be consequently ejected form the interface (Lim and Ashby,
1986). Although bulk temperature may rise with continued polishing, the circulation of slurry
at the contact interface will remove a larger part of the heat generated to keep the bulk
temperature far below the melting point. Therefore, even if the flash temperature reaches the
melting point, the melt will flow to the surrounding cool surface, to resolidify without
generating hot wear particles or squirting out as a molten stream. It may be concluded
therefore that under typical CMP conditions, material removal by melting is not a viable
mechanism.
3.4.2 Microcutting. In this polishing mode, abrasive particles act as single-point
cutting tools and produce shallower and narrower grooves than those in grinding or other
abrasion processes. Hardness determines the depth of particle penetration and, therefore, the
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MRR and surface finish. The abrasive is normally harder than the surface being polished to
maintain a high rate of material removal. The frictional force is mostly due to the resistance
of the soft surface being polished to plastic flow. Upper bound estimates for the friction
coefficient and for material removal rate in the microcutting mode have been made in the past
by idealizing the shape of the abrasive tip as a cone or a sphere (Goddard and Wilman, 1962;
Sin et al., 1979; Komvopoulos et al., 1984).
For a conical tip of abrasive particle, the friction coefficient p, the wear coefficient k., and
surface roughness Ra due to microcutting can be written as (see Appendix B):
g=-tano +-sece (3.4)
k= VH= tanG(3.5)
LS 2r
d w
Ra ~-=-tanG (3.6)
2 4
where d is the depth of the grooves, w the width of the grooves, 8 the angle between the
abrasive and the surface, s the interfacial shear stress due to adhesion, and H the hardness of
the coating. Since the abrasive particle is so small, 0 cannot be specified a priori. An
alternative is to measure the groove angle to estimate 0. Based on experimental results, for
example, Cu wafers with 300 nm Al 20, abrasive particles,w ~ 80 nm and 0~ 9'. The friction
coefficient and the wear coefficient calculated by Eqs. (3.4) and (3.5) are 0.10 and 0.025,
respectively. In this calculation and the following case, the adhesion shear stress s is assumed
to be negligible due to the presence of slurry at the contacting interface as a contaminant.
Similarly, for a spherical tip, which is closer to the shape of the abrasive particles, the
friction coefficient, wear coefficient and surface roughness can be expressed as:
-1/2-.-)1/2
2 (2r ".awW "I W sw~
p= - sin--- F2- 1- 1- (3.7)Ir w 2r 2r 2r H 2r
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* t ) 2r 2r 2 2r
R2r=r" (3.9)
"2 21rH
Substituting the measured values of w and r in Eqs. (3.7) and (3.8), P and k are estimated
to be 0.12 and 0.11, respectively. The friction coefficients, predicted by the microcutting
model, for either cone or spherical abrasive, is close to the experimental values, about 0.15 -
0.22 for Cu. This suggests that the microcutting model explains, in part at least, the
transmission of normal and shear stresses due to the action of the abrasive particle on the
coating on a local scale. On the other hand, the estimated wear coefficient by the
microcutting model, which ranges between 102 and 10', is two to three orders of magnitude
higher than the experimental results =104. The much smaller material removal implies that
the material was not cleanly sheared off by a single pass of the abrasive particle. This point is
also supported by the observation that no chip-like wear particles were found on the worn
wafer or post-CMP pad surfaces. Instead, ridges were formed along with some deeper and
wider grooves, which suggests particle plowing. In fact, early research in abrasive wear (Sin
et al., 1979) found that when the attack angle 6 between the abrasive and the coating surface is
small (i.e. the rake angle is a large negative value) large plastic deformation occurs at the
surface and in the subsurface region below the contact. Since the penetration depth in the
CMP condition is usually very shallow, the attack angle for any shape of panucts will be very
small. Therefore, it is more likely that plowing will prevail rather than cutting. Similar
results were reported by Hokkirigawa and Kato (1988).
The smaller k also suggests that much of the work done by abrasive particles on the
coating is to plastically deform the subsurface. The wear equation, Eq. (3.2), can be rewritten
as (Suh, 1986):
VH VH V Vu
W- -p =FS (3.10)
108
where F is the tangential force on the wafer and u the specific energy, the work done to
remove a unit volume of material. If cutting without plastic deformation is presumed, i.e. the
plastic zone is limited to the grooved region, the specific energy is approximately equal to the
hardness of the material being polished. Thus, based on Eq. (3.10), the wear coefficient can
be interpreted as the ratio of work done by creating chips by cutting (=Vu) to the total external
work done (=FS). When cutting is the dominant mechanism, most of energy is consumed to
create chips and k. should be close to unity. Because k is much less than unity in polishing,
most of the external work is dissipated into the sub-surface region below the contact to create
a large plastic deformation zone, deeper than the dimension of the grooves.
For these reasons, the microcutting model grossly overestimates the MRR. Nevertheless,
for delineating the effects of important process parameters on the friction coefficient, wear
coefficient, and surface roughness, the previous analysis is adequate to provide a qualitative
picture of the polishing process. Moreover, from Eq. (3.9), the average load supported by a
single abrasive particle is estimated to be about 6 pN.
3.4.3 Brittle Fracture. Fracture by plastic indentation occurs in brittle materials such as
glass when the tip radius of the abrasive particle is below a critical value. In this small-scale
contact, cracks are not induced in the elastic loading regime, but are observed with
elastic/plastic penetration of particles. Lateral cracks initiate when the medium is unloaded.
They propagate parallel to the surface with repeat loading/unloading and finally reach the
surface to form wear particles. Cracks initiate when the load on the particle exceeds a
transition threshold,f,'(Evans and Marshall, 1980):
SK 4f * I (E / H) (3.11)
H3
where K is a dimensionless constant, K the fracture toughness, H the hardness, and E the
Young's modulus of the material being polished. For lateral cracks,f(E/H) varies slowly with
E/H and Kf(E/H) is approximately 2x10 . Table 3.8 presents the toughness and hardness of
the typical wafer coatings and their predicted critical loads. The critical load for both metal
and ceramic coatings is many orders of magnitude greater than the load estimated earlier by
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particle penetration measurement, about 106 N for a typical CMP with 300 nm abrasive
particles. Therefore, the small particles employed in CMP generally prevent the initiation of
cracks and the subsequent fracture. This again suggests that the prevailing mechanism of
material removal is excessive plastic deformation.
In addition, the smallest particle size r to induce brittle fracture, especially for brittle
coating materials like SiO 2 and SiN, can be estimated by the relation of plastic indentation.
H = " (3.12)
7Cr
When the radius of the abrasive is smaller than r, the average pressure applied on the particle
is greater than the resistance of the material to plastic flow, or the hardness. Thus, plastic
deformation will determine the material removal before the cracks initiate. If the radius of the
abrasive is larger than r*, cracks may be able to initiate and develop in the subsurface and
dominate the rate of material removal. Table 3.8 lists the calculation results of r*. For metals,
the fracture mechanism is ruled out because of the high toughness and low hardness. Even for
SiO2 and Si3N 4, the critical particle size r* is one to two orders of magnitude greater than the
size used in CMP.
In any case, the fracture mode of material removal is generally not accountable in the
CMP process. The larger size of particles required to initiate fracture will create deeper and
wider grooves on the surface. The lateral fracture depth is on the same scale as the plastic
zone radius, which is usually much deeper than the plastic grooves. Although the MRR is
expected to be higher, the increase of the surface roughness (due to plastic penetration) and
the generation of large surface scratches (due to brittle wear tracks) are obviously
unacceptable in the sub-micron semiconductor fabrication environment.
3.4.4 Burnishing. Burnish, in which material is removed on a molecular scale,
represents the least possible amount of wear. The wear coefficient can be as small as 10'. The
mechanisms of burnish are not yet clear. There is no direct observation to verify the
hypothesis. It is proposed that material is removed molecule by molecule from the high spots
110
Table 3.8: Estimates of the threshold load and the critical size for lateral crack initiation.
Material Toughness, K, Hardness, H KC4/H3 f * r*
(MPa.i) (MPa) (N) (N) (pm)
Al 140 591 1.86x106  3.72x10" 2.83x106
Cu 110 1,220 8.06x104  1.22x10'" 4.10x10 6
S 0.7 9,793 2.55x107  5.10x10 2  2.58
Si3N4 5.5 19,580 1.22x10-4 2.44x10' 39.80
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by adhesive forces between the abrasive and surface material when the load is below a critical
value. Therefore, the surface topography due to burnishing will be as smooth as that produced
by evaporation. For a single-point contact system (like pin-on-disk), the critical load below
which burnish might prevail is given by (Rabinowicz, 1968):
L=108rcb(3.13)
H
where L is the normal load and Wa, ( ya+yya,) the surface energy of adhesion. For Cu
polishing with Al203 , y (Al203) is 590 erg/cm 2, y (Cu) 1120 erg/cm2, and y., assumed to be
zero since the presence of slurry at the interface. Thus, L must be lower than 0.74 N for
burnishing based on Eq. (3.13). Nevertheless, Eq. (3.13) is reasonably obeyed, especially for
noble metal contacts, but not widely tested for other materials. On the other hand, the wear
coefficient reported for burnishing is about 10 ", which is far below k., about 104, in the
polishing experiments. It suggests that burnishing, even if it occurs, is not the dominant
material removal mechanism under CMP conditions.
The above analyses reviewed several polishing models based on the experimental results.
Material removal due to plastic deformation of the coating reasonably explains the genesis of
friction and the formation of grooves and scratches in polishing. However, the estimate of the
wear coefficient by the microcutting assumption, as the upper bound for plastic deformation
model, is two orders of magnitude greater than those of the experiments. The discrepancy
was explained earlier by the abrasive plowing which creates a deeper plastic deformation zone
in the subsurface than the depth of the surface groove without cutting out the surface material.
The surface material will remain mostly in the groove to form ridges along the side of the
groove. Thus k is much smaller than that estimated by the microcutting model.
There are other possibilities to explain the low wear coefficient. In reality, the load
applied on the wafer is carried both by the wafer/particle and by the wafer/pad contacts. In
the previous analyses, the elastic/plastic deformation of the pad was not considered and the
load was assumed to be carried by the particles only. However, about 7x107 particles are
needed to carry all the load, many fewer than the number of particles needed to cover the 100
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mm wafer surface, about 10", closely packed. On the other hand, the particle size employed
in a CMP, about 150 - 300 nm nominally, is comparable or smaller than the surface roughness
of the pad surface. The pad is much softer, approximately E = 0.5 GPa for the IC-1000 top
pad, than the abrasive and coating materials, approximately E = 120 GPa and H = 1220 MPa
for Cu. Therefore, the abrasive will embed in the pad surface and increase the wafer/pad
contact area.
Figure 3.16 presents evidence for wafer/pad direct contact. A flattened, plastically
deformed pad surface analyzed after polishing 20 wafers without conditioning indicates that
the pad has been in contact with flat wafer surface and carries load in polishing. Because the
pad is much softer than the coating, there is essentially no material removal at the wafer/pad
contact regions. Hence, k. estimated by Eq. (3.2) based on the total load on the wafe. Vill be
smaller than that by Eq. (3.8). Pad/wafer contacts not only decrease k, but also increase the
total frictional force due to the higher friction coefficient at the wafer/pad interface. This is
shown by the increase on friction coefficient in experiments, from the estimated values 0.1 -
0.15 to experimental values up to 0.28.
Another factor resulting in a smaller k, is that the abrasive particles roll rather than slide at
the contact interface. The friction coefficient of the rolling contact usually is much smaller,
lower than 0.1, than that of the sliding contact, about 0.1 - 0.15, although the same load is
carried by the particle. The total frictional force might be written approximately as the
weighted sum of the frictional forces due to the particle sliding contact, rolling contact and the
wafer/pad contact. The smaller frictional coefficient for the particle rolling contact offsets the
high friction, about 0.5 -0.7, at the wafer/pad contact. Consequently, the overall friction
coefficient still remains at a lower level, about 0.1 - 0.3. Due to the particle rolling, the
volume of material removed is not proportional to sliding distance and results in an
overestimate on k, in both Eqs. (3.2) and (3.8).
Based on Eq. (3.8), the wear coefficient k, depends on the ratio of particle penetration
width to particle radius. For a small k., the equation implies that the radius of the particle
employed at the polishing interface might be larger than the nominal size because the
penetration width is a measured value. This may be due to the agglomeration of the small
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abrasive particles to reduce the surface energy. Another possibility is related to the pad
porous macrostructure. The surface pores, ranging from 2 - 5 pm to 50 - 80 pm, play an
important role in collecting the worn abrasive and wear particles, retaining the slurry, and
enhancing the local slurry dispensing. As shown in Fig. 3.17, the particles might easily fill up
the small pores. Then the whole aggregate of particles acts like a large-radius cutting/plowing
tool. When the pore size or the size of particle agglomerates has a broad distribution, the
majority of the load is carried by a few, larger particles. The material removal rate and k, will
decrease with the decrease of active particles engaged in material removal (Bulsara et al.,
1998). The size of surface grooves therefore will also present a wide range of distribution.
Some large size scratches might appear on the polished surface, as shown in Figs. 3.12 and
3.13.
3.4.5. Process Optimization. The objectives of process optimization are to increase the
MRR, k, or kH, and at the same time to maintain a low level of WIWNU and surface roughness
and reduce surface scratching. From Eq. (3.1), the MRR increases with the pv,. Based on the
results presented in Chapter 2, the v/p ratio should be chosen so the wafer/pad interfacial
condition remains in the contact regime. Heat generation and the WIWNU specification
constraint the optimal pv, product. Thus the key to enhance MRR is to increase the k, or k.
Comparing theoretical estimates and experimental results, the two-orders-of-magnitude
gap of k, provides an opportunity for process improvement: it might be possible to increase
the kw without a significant increase of surface roughness by encouraging the mode of material
removal from plowing toward microcutting. As discussed earlier, a larger size of particle can
be employed to increase the k.. However, the tradeoff of using larger abrasive is increased
surface roughness and scratch size and density. A criterion to specify the surface roughness,
usually 1/10 of the depth-of-focus of the lithography optics of about 20 nm for the current
generation of technology, can be set such that a optimal particle size can be determined to
yield a high k, and a tolerable level of R,, and Rq. Results from the preliminary experiments on
50 nm, 300 nm, and 1000 nm dia. particles, summarized in Table 6, are in agreement with this
optimization scheme, as shown in Fig. 3.18. The MRR, or k in this case
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SEM micrograph of the plastically deformed Rodel IC- 1400 pad after polishing.
Figure 3.17
particles.
SEM micrograph of the dried post-polishing Rodel IC-1400 pad with slurry
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Process optimization scheme by emploing the abrasive size effect (on Cu
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due to the constant pvR, increases about 2.6 times whereas the roughness remains at a low
level when the particle size is increased from 50 nm to 1000 nm. Even larger particles might
be employed in the future to find the optimal size. In addition, the pH value of the slurry can
be adjusted to lift the MRR curve in Fig. 18 for specific material. The MRR of SiO increases
dramatically at pH values higher than 11. The MRR of Cu can be enhanced at a moderate
acidic slurry, around 4 (Cook, 1990; Luo et al., 1998). It is believed that changing pH value
will change the hardness of the coating to affect the MRR and k. On the other hand, the
surface roughness is expected to remain at a low level, perhaps with a slight increase, in the
chemical slurry with the same abrasive size because the load on the abrasive particles and the
motion of particles at the wafer/pad interface are not affected by the chemicals. The scratch
size and density also increase with particle size. A few big scratches, about 30 - 50 nm deep,
were found in the Cu polishing. The larger scratches are due to the particle agglomeration and
the high-end of the wide abrasive size distribution. In practice, some chemical agents might
be added in the slurry to disperse the abrasive particles and prevent their agglomeration. The
abrasive with a narrow peak size distribution (small standard deviation on the particle size
distribution) can also reduce scratches.
Another scheme to increase k, relies on preventing particle rolling, in which the
particle/pad interfacial friction coefficient and the contact area must increase. The frictional
coefficient between the abrasive particle and the pad depends on the adhesion of those two
materials. The particle/pad contact area at a given load can be increased by choosing a soft
pad material. However, according to the previous analyses, the decrease of pad hardness will
increase the wafer/pad contact area and reduce the load distributed on the particle, thus
reducing k,. An appropriate pad material with good adhesion to abrasive particles, or even
like lapping paper with fixed abrasive, with a sufficient hard surface layer might be used to
increase the sliding and the load distributed on the particles to increase MRR and k.
The macrostructure of the pad might be designed and fabricated so that the number of
pores of a few micrometers in the pad are reduced and the larger-size pores, about 50 - 80 pm,
distributed more uniformly. The elimination of the small pores prevents particles
accumulating in the pores that might act like a larger size particle. This is likely to control the
particle size Ly retaining a small distribution, larger number of small abrasives on the active
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material removal mode to reduce the formation of large scratches. Features like larger pores,
around 50 -80 pm, will help local slurry dispensing and collect agglomerates to keep the mean
abrasive size small. If the larger pores can be produced with a better distribution, both in size
and location, a better local slurry transfer and efficient replacement of the worn particles
might help to increase k,. By combining the porosity with the pad-scale features, like the x-y
or concentric grooves about 250 pm wide and 380 pm deep on the existing pad which
improves the wafer-scale slurry dispensing, the MRR, WIWNU, and surface roughness might
be all improved at the same time.
3.5 Conclusions
Theories of polishing processes such as surface melting, plastic deformation, brittle
fracture and burnishing were reviewed. Each theory was examined for friction coefficient,
material removal rate, Preston constant, wear coefficient, and the topography of the worn
surface. Wafers coated with Al, Cu, SiO2 (PECVD and TEOS) and SiN, were tested under
typical CMP conditions with Al203 neutral slurry. Based on the experimental results and the
theoretical models the following conclusions are drawn.
(1) For all coatings tested, the friction coefficient remained at a low and constant level,
around 0.1 - 0.3. It was close to the value predicted by the plastic deformation model.
(2) The prevailing mechanism of material removal in fine abrasive polishing is plastic
deformation. Surface melting does not occur because the temperature rise is marginal.
Brittle fracture was not observed because the normal load on the abrasive particle is below
the critical value for fracture. Moreover, burnishing does not play a significant role in
removing material since the work of adhesion is extremely low.
(3) The MRR, NMRR and Preston constant were inversely proportional to the hardness of the
coatings. The wear coefficient was about 104 for the materials polished. The effect of pad
stiffness was marginal compared with that of the coating hardness.
(4) The microcutting model yielded a higher value of MRR and wear coefficient (~102) than
the experiments. The discrepancy was explained on the basis of the small penetration
depth of the particle, due to the small abrasive employed, the lighter load on the abrasive,
due to the wafer/pad direct contact, and particle rolling.
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(5) A stiffer pad resulted in a better wafer-scale uniformity, or a lower WIWNU. For PECVD
SiO2, TEOS SiO 2 and Si3 N4 coatings, the WIWNU remained at an acceptable low level,
less than 2.5% after polishing.
(6) The size effect of the abrasive increased the MRR and wear coefficient. The MRR
increased about 2.6 times with the increase of particle size from 50 nm to 1000 nm. The
surface roughness however increased at a slower rate, about 1.6 times, and remained
below an acceptable level, about 20 nm.
(7) The size and the density of scratches increased with abrasive size while the roughness for
the abrasive sizes employed, 50 nm, 300 nm and 1000 nm, was maintained well below the
lithography tolerance. It was observed that a few deeper scratches, about 20-50 nm, were
scattered on all sample surfaces.
(8) The pressure-velocity product and the Preston constant must be optimized to enhance the
MRR. The lower wear coefficient of experiments, about two orders of magnitude smaller
than the theoretical estimation, throws light on improvements to the Preston constant. It is
able to increase the wear coefficient through the mechanical, such as increasing the
abrasive size or fixing abrasive particles, or the chemical-mechanical approaches, such as
using moderate acidic solution on Cu, in the future.
(9) It is also important to retain the WIWNU, surface roughness and scratching at a acceptable
low level. Optimization schemes such as increasing the pad stiffness, choosing pressure-
velocity regime, and designing the macrostructure of the pad to improve slurry dispensing
were proposed to reduce the WIWNU. On the other hand, the surface roughness and
scratching may be reduced by using fine-grade abrasives, narrowing the abrasive size
distribution, and re-designing the pad micro- and macro-structures to control
agglomeration.
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Nomenclature
A = apparent area of contact (M2 )
a = side length of a square contact (m)
b = radius of the plastic zone of abrasive indentation (m)
c = length of lateral crack (m)
d = depth of surface groove (m)
E = Young's modulus of coating material (N/m2)
F = tangential force on the wafer (N)
f = normal force on the abrasive particle(N)
f' = transition threshold of normal force on the abrasive particle (N)
H = hardness of coating material (N/M 2)
h = thickness of the material removed on wafer surface (m)
K, = fracture toughness of coating material (Pa4i)
k,, k2 = thermal conductivity (W/m.K)
k, = Preston constant (m2/N)
k = wear coefficient
L = normal load on wafer (N)
I = sliding distance of the abrasive particle at one pass (m)
p = normal pressure on wafer (N/m 2 )
P = peak load on the abrasive particle in an indentation cycle (N)
Q, Q,, Q2 = rate of frictional heat (W)
q = frictional heat flux (W/m 2 )
R., R0 = mean value and root-mean-square of surface roughness (m)
r = radius of abrasive particle (m)
r' = critical radius of abrasive particle (m)
S = sliding distance (m)
s = interfacial shear stress due to adhesion (N/m 2 )
T, T = flash and bulk temperature of contact (K)
t = experiment duration (s)
V = volume loss (M 3)
VR = relative linear velocity of wafer (m/s)
WI, = work of adhesion of the contacting materials(N/m)
w = width of groove (m)
a, a = material-dependent constants
yal YV Xb = surface energy of solids (N/m)
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)c = numerical constant
pi = friction coefficient
V = Poisson's ratio
6 = angle between the abrasive and the surface (rad)
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Appendix 3A Flash Temperature at the Particle/Wafer Contact in Polishing
When two surfaces slide relatively, most of the work is converted into heat. The rate of this
frictional heat generated per unit nominal contact area, q, can be expressed as:
q=PLVR (3A.1)
A
where p is the friction coefficient of sliding, L the normal load, vR the relative sliding velocity,
and A the apparent area of contact. In reality, the heat is dissipated into the bulks via the
contact area, usually a very small fraction of the apparent surface area. In abrasive polishing,
it may be assumed that the friction heat diffuse only into the abrasive and the coating surfaces,
and steady state can be reached at the contact. The boundary condition which assumes that
the temperature far away from the contact remains at a constant bulk temperature
(approximately room temperature) is convenient in polishing. The heat capacity of the pad
and the wafer backing is large and the temperature rise is insignificant.
A portion of the frictional heat, Q,, flows into the coating being polished, and Q2 into the
abrasive/pad. The total heat generation is (Bowden and Tabor, 1950):
Q=Pf.vR =Q+Q 2  (3A.2)
Q, and Q2 can be expressed as the product of thermal conductance of the contact and
temperature rise. For circular contact with contact width w, the thermal conductance is 2wk,
thus Q, and Q2 can be rewritten as:
Q1 = 2wk, (T, -T,),and (3A.3a)
Q2 =2wk2 (T - T). (3A.3b)
Combining Eqs. (3A.2), (3A.3a) and (3A.3b), the flash temperature is given as:
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Tf =To + " n I(3A.4)2w k1 +k 2
This is close to the results given by Jaeger for a square junction of side a at low sliding speed
in a more rigorous analysis (Jaeger, 1945):
Tf =T+ VR 1 (3A.5)2.12a k, + k2
125
Appendix 3B Polishing due to Microcutting
The upper bound analyses for the friction coefficient and estimates for material removal
rate in the microcutting mode idealized the shape of the abrasive tip as a cone or a sphere
(Goddard and Wilman, 1962; Sin et al., 1979; Komvopoulos et al., 1984).
For a conical tip of abrasive particles, as shown in Fig. 3B. 1(a), the depth and width of cut
are related by:
Wd =-tanG (3B.1)
2
where d is the depth of the grooves, w the width of the grooves and 6 the angle between the
abrasive and the surface. The normal force,f,, on the particle is support by the pressure, p, at
the contacting interface, which is assumed to be the pressure on the soft surface at yielding.
Since only the front half of the cone is in contact while sliding, the normal force can be
calculated simply by multiplying the projected area of the contacting surface with the pressure
at yielding of the worn surface. Thus:
f, = 2p (3B.2)
8
Similarly, the frictional force may be written as:
f,=y Ptan +ssecoj (3B.3)
4 P
where s is the interfacial shear stress due to adhesion. Combining Eqs. (3B.2) and (3B.3), the
friction coefficient can be written as:
2 s =2-tanS= 2-(tan 0+ + sec0=2 )tanO+ -- secO) (3B.4)
Ir P ixH
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Figure 3B. 1 Schematics of microcutting model in polishing: (a) with conical shape abrasive,
(b) with spherical shape abrasive. (from Komvopoulos et al., 1984)
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w
In the above equation the yield pressure is approximated as the hardness, H, of the worn
surface. The material removed can be estimated by the product of the cross section of the
groove, dw/2, and the sliding distance of the particle, S. The wear coefficient thus can be
determined by Eq. (3B.3) as:
k=VH= (dwS / 2)H tanG0(3B5)
LS f,,S 21
The surface roughness due to microcutting is of the same order of magnitude as the depth
of the groove:
d wR - tanO0 (33.6)
" 2 4%
The same treatment can be applied to an abrasive with a spherical tip, as shown in Fig.
3B.1(b), which might be closer to the actual shape of the abrasive particles. The geometry of
the groove can be related to the radius of the particles, r, by:
r 2 =(r - d) 2 + (w/ 2) 2  (3B.7)
In polishing, the penetration is usually very shallow. Therefore Eq. (3B.7) can be simplified
and the depth of the groove can be approximated by:
d = W (3B.8)
8r
The normal and tangential forces acting on the particle to produce plastic flow can be
determined as before. Thus:
f, = H (33.9)
8
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F \ 2 -1/2 / \2 -1/2
f1 =Hr2{sin~ 2 1- i+2sr2{1,[1- IJII (3B.10)2r 2rL 2r)2r)
2-1/2 -2-1/27
g r sin w -+ 2 O 1-(B. 11)
ew ) 2r 2r 2r) H 2r)L L
kvs= sin0 -C +i(3B.12)
The surface roughness may be expressed as:
R 22~f=1(3B.13)
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Appendix 3C Polishing due to Brittle Fracture
In this mode of polishing, shown in Fig. 3C. 1, the elastic/plastic stress field that governs
crack development is influenced by hardness and elastic modulus in addition to the toughness
of the contacting material. Brittle fracture due to lateral cracking occurs when the load on the
particle reaches a transition threshold, f,,', which is characterized by (Evans and Marshall,
1980):
K4
S=- c (E / H) (3C.1)
H3
where K is a dimensionless constant, K the toughness, H the hardness, and E the Young's
modulus of the material been polished. f(E/H) is a function that depends on the type of crack.
For lateral cracks, f(E/H) varies slowly with E/H and Kf(E/H) is approximately 2x105 . Once
the crack initiates, it extends due to the peak load, ^, in the indentation cycle. For a plastic
groove in a sliding particle contact, the lateral crack length, c, is given by:
C=a (E/H 1/ 5/8 (3C.2)a1K 11 2 H1/ 8
I C I^
where a, is a material-independent constant. The lateral fracture depth typically scales with
the plastic zone radius b, which relates to the plastic indentation width, w, by:
b - w(E/H) 2 /5  (3C.3)
The indentation width depends on the peak normal pressure ^ on the particle and the hardness
of the polished material:
w - (P/H) 2 (3C.4)
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Figure 3C. 1 Schematic of the mechanisms of brittle fracture in polishing with lateral cracks
(after Evans and Marshall, 1980).
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Assuming wear particles can be generated by single-cycle particle contact and that peak
pressure is approximated to the average pressure on the abrasive particle, the wear volume per
particle can be estimated by Eqs (3C.2) to (3C.4) and written as:
9/8
V =a21 f" 9/8 (EI/H )4'5 (3C.5)
where a2 is another material-independent constant determined by experiments and I the
sliding distance of the pass. The wear coefficient can thus be expressed as:
k = fa2 n"1/8 2 3/8(El/H)4 /5  (3C.6)
When the load on the particle is below the threshold in Eq. (3C. 1), material is removed by a
plastic cutting process.
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CHAPTER 4
EVOLUTION OF COPPER OXIDE DAMASCENE
STRUCTURES IN CMP:
I. CONTACT MECHANICS MODELING
Non-planarity arising from the chemical mechanical polishing of Cu-oxide damascene
results in the exposure field (die-size) being partially out of focus in the subsequent
lithography process. The corresponding mechanisms for non-uniformity must be determined
and minimized to increase the process yield. In this chapter, contact mechanics models are
developed to explain the role of pattern geometry on the variation of material removal rate.
The effects of Cu linewidth, area fraction, and the elastic properties of the polishing pad on
pad displacement into low features are examined. The pressure distribution on the high
features is determined and the rate of pattern planarization is quantified. Experiments on
patterned Cu wafers are conducted to verify the model. Based on these results, the
planarization and polishing behavior, and the within-die nonplanarity due to the pattern
geometry variation are discussed.
4.1 Introduction
Continuing advances in ultra-large-scale integration (ULSI) necessitate the design and
fabrication of extremely small devices. The existing metallization schemes for interconnects
are inadequate for new circuits. It is projected that the RC delay due to metallization layers
will account for 50% of the total circuit delay for CMOS circuits with gate dimensions less
than 0.25 pm (Steigerwald et al., 1994). New materials and processes are needed to replace
the present Al interconnects to reduce the RC delay and to decrease the energy loss due to
heat dissipation. Copper has emerged as the favored interconnect material because of its
lower electrical resistivity, about 30% less than that of Al. This allows ICs to operate at
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higher speeds and lower power. Additionally, as interconnect dimensions are scaled down,
the current density carried by the metal interconnects increases proportionally and might
exceed the limit of eletromigration. The higher melting point Cu, however, provides a greater
resistance to eletromigration, about 2.5 times greater than that of Al, thus dramatically
increasing the reliability of the ICs. Despite the inherent advantage of Cu as an interconnect
metal, several challenges are involved in the fabrication of copper lines. Because of the lack
of volatile copper compounds at low temperature (less than 100 *C), copper etching to form
the desired pattern on the top of the inter-level dielectric (ILD) layer is difficult. A damascene
scheme involving trench patterning and deposition followed by CMP has demonstrated great
potential for developments in the interconnect technology.
Figure 4.1 schematically shows the copper damascene structure. Copper and diffusion
barrier layers (typically Ta, Ti or TaN) are deposited onto the etched inter-level dielectric
(ILD) surface. Then CMP removes the excess Cu and forms conductive paths in the ILD
trenches. The excess Cu coating is planarized at a rate related to the local pattern geometry
(Murarka et al., 1993; Steigerwald et al., 1994; Park et al., 1999, Pan et al., 1999). The
pattern within a die is slightly overpolished to remove all the Cu and barrier coating on the
dielectric surface. Although this isolates the Cu interconnects, it also results in surface
nonplanarity. The within-die nonplanarity might result in an exposure field (die-scale)
partially out of focus for lithography. Overpolishing and dishing of the soft Cu surface also
reduce the thickness of Cu interconnects and increase the electrical resistance. The
corresponding mechanisms of planarization, dishing, and overpolishing must be determined
and their impact on process yield must be addressed to best utilize the potential of Cu
damascene polishing.
Much of the research on the effects of pattern geometry on material removal exclusively
focused on ILD (SiO 2) polishing (Warnock, 1991; Burke, 1991; Runnels, 1994 and 1996;
Boyd and Ellul, 1996; Stine et al., 1997; Ouma et al., 1997). Nevertheless, the results of ILD
polishing can be adapted to the planarization stage in metal polishing because the pattern
geometries are similar. The only difference is the material polished. Warnock, 1991
proposed a phenomenological model to relate the polishing rate of arrays of various features
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Figure 4.1 Schematics of Cu damascene structure: (a) before polishing, and (b) after
polishing.
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to the feature dimension and pattern density. He predicted the surface profile evolution by
experimentally determining the correlation between the polishing rate, feature dimensions,
and the neighboring feature layout. However, the correlation between the polishing rate and
pattern geometry varies with different pattern design, and the tribological mechanisms of
planarization are left unanswered in this model. Recently, the effects of pattern geometrical
parameters, such as pattern density (i.e., high feature area fraction), pitch, pattern area, and the
ratio of perimeter to area, were extensively studied (Stine et al., 1997). It is shown that the
pattern density significantly affects the subdie-scale polishing. The influential range of a
specific pattern on a neighboring area was characterized by a planarization length measured
experimentally. A density-based numerical model was proposed to characterize the surface
topography evolution for arbitrary layouts. Experiments were also conducted to verify this
model (Stine et al., 1997; Smith et al., 1999).
On the theoretical side, contact mechanics models have examined the mechanisms of
planarization. A planar elastic pad was assumed for predicting the pressure distribution on the
die surface with various pattern layouts (Chekina et al., 1998; Chen and Lee, 1999). A
generalized relation between pressure distribution and the pad displacement was proposed.
An analytical solution for pattern evolution in steady-state regimes was also presented by
Chekina et al. Based on the model, the nonunifom polishing rate across different pattern
regions is attributed to the nonuniform pressure on the high features. The low features were
assumed to stay intact until the deformed pad contacts them. However, the steady-state
analysis might be not applicable for some pattern layouts in Cu polishing. The pad might be
in contact with the low features before the high features reach the steady-state profile.
Additionally, the pad might not conform to the high features as assumed in this model.
This chapter proposes models for different polishing regimes of metals. Contact
mechanics models, with conformal and non-conformal elastic pads, are employed for the
planarization regime. The effects of the pattern geometry (linewidth and area fraction) and
the pad elastic properties on the pressure distribution and pad displacement are investigated to
explain the variation of MRR on different patterns and the evolution of surface profile. These
contact mechanics models are examined by polishing patterned test wafers. The
understanding of nonplanar polishing due to pattern geometry will enlighten the study of Cu
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dishing and oxide overpolishing. Steady-state dishing and overpolishing will be modeled and
examined experimentally in Chapter 5. Accordingly, the fundamentals of Cu damascene
polishing and the mechanisms of within-die nonuniformity of material removal are examined
and the important process parameters are identified.
4.2 Theory: Contact Mechanics Modeling
Local pattern geometry affects pressure distribution p(xy) and thus results in a
nonuniform material removal according to the Preston equation (Preston, 1927):
dh
-= k p(x, Y)VR (4.1)
dt
where h is the thickness of the layer removed, t the polishing time, v, the relative velocity, and
k, the Preston constant. The objective of contact mechanics modeling, then, is to determine
the pressure distribution on the feature surface. As shown schematically in Fig. 4.2, three
regimes of polishing of patterned wafers may be postulated: planarization, polishing, and
dishing/overpolishing. In the planarization regime in Figs. 4.2 (a) and 4.2 (b), the step-height
between the high and low features is much larger than the pad displacement u, and hence the
load is essentially supported by the high features. The contact mechanics models determine
the pressure variation on high features as well as the pad displacement outside the high
features to ensure no wafer/pad contact on the low features. As the pad contacts the low area,
however, both high and low features will be polished concurrently. The pressure distribution
will become ever more uniform as the surface is being gradually smoothed down, Fig 4.2 (c).
In this regime, the thin, planar Cu layer is polished as in blanket polishing. When the Cu
layer is polished through with a planarized surface, the pressure on both Cu and oxide would
be about the same. As shown in Fig. 4.2 (d), the soft interconnect Cu now wears faster than
the diffusion barrier layer (Ta, Ti or TaN) and the ILD. The surface of Cu interconnect is
dished. Additionally, the oxide will be overpolished with the increase of overpolishing time,
which may deteriorate surface planarity.
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Figure 4.2 Schematics of the pattern/pad contact interface: (a) initial stage with uniform
displacement specified on high feature, (b) planarization stage with pressure specified (either
uniform pressure or elliptical distribution) on the contacting high features, (c) end of the
planarization with pad in contact with low area, and (d) the onset of dishing and
overpolishing.
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4.2.1 Geometry and Boundary Conditions. Consider a rigid line structure on the
wafer in contact with the elastic pad as shown in Fig. 4.3. The high features (shaded in Fig.
4.3) represent the Cu deposited on the underlying oxide and the low areas represent the Cu fill
in the trenched oxide region. Because the length of the line is much greater than its lateral
dimensions, the pattern/pad contact can be modeled as a two-dimensional (plane-strain)
problem. The pad deformation is usually much smaller than the pad thickness. Thus the
contact stresses are highly concentrated near the pad surface. With this approximation, the
stresses can be calculated by assuming the pad as an elastic semi-infinite body. Now the
boundary conditions along the pad surface must be specified to solve the stress and strain field
in the elastic pad. On the boundary outside the loaded region, the surface is free of stress, i.e.:
a.. = Tr = 0, j.j> a (4.2)
Within the loaded region, for simplification, the tangential traction will be assumed to be
negligible in the following analysis, i.e.:
T- =-q(x)=0, -a<x<a (4.3)
This assumption stands only when the friction coefficient at the wafer/pad contact interface is
low. Prior experimental results confirm that the friction coefficient in Cu polishing is about
0.1. Therefore, the effect of tangential traction on the stresses is negligible. Additionally, the
normal stress within the loaded region can be specified to determine the pad tangential and
normal displacements u,(x) and ujx) on the entire surface, i.e.:
a =-p(x), -a<x<a (4.4)
This problem has been solved in the contact mechanics literature. The formulation of the
pad displacements within the contact region may be expressed in differential forms (Galin,
1961; Johnson, 1985):
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du,(x) -(I -2v)(1 +v) W(.a
dx E
duz(x)-_ 2 (1 V 2 )a tds (4.5b)
dx iE -s
where v is the Poisson's ratio, E the Young's modulus of the pad, and s a dummy variable.
4.2.2 Uniform Pressure Distribution. The boundary condition of uniform pressure
may be applied when a steady-state profle of high features is reached without contact on the
low features, Fig. 4.2 (b). The pressure distribution can be related to the load P on each high
feature Ix- n4| 5 a and the half width a of the feature as:
P
p(x)=- (4.6)
2a
where P is the force per unit length on each contact region, n the index of the high feature
from the center of the specific area (from -N to N, totally 2N+1 high features). Equation (4.6)
assumes the load P on the high features to be constant. This would be true when the features
of interest are near the center of a specific pattern area with constant linewidth and pitch.
Thus its pressure distribution would not be affected by the different pattern in the neighboring
sub-die area. Utilizing this boundary condition, Eq. (4.5b) can be solved for the pad
displacement over the specific area. The displacement of the pad can be written in normalized
form as:
K (x) = (1-v2 ) p Frl+X r +xf
xE 2an=-N _( a
+ (I- nAInr -x nAj j+ (2N + )C 2  (4.7)
a ) ( a )
where i,(x) is the normalized displacement of the pad along the surface, defined as
Tix) ujx)/a, and C, is an integration constant and determined relative to a datum x,.
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C,= -(-"-2) K I+"I + I J + ( " :}In I - j] (4.8)
ifE 2a _( a )( af ( a )( af_
The datum x0 is arbitrarily chosen on the displaced surface referred to the initial surface plane,
in which ux,) = 0. The choice of x, usually refers to the observation on the real deformed
surface. The difficulty of determining C, is a general feature of elastic half-space problems
because the conditions far away from the contacting surface are undefined. To surmount the
difficulty, the actual shape and dimension of the elastic body and the boundary conditions at
the supporting sides must be considered. However, if interest is on the relative shape of the
pad surface and its displacement into low features instead of the movement of its surface
level, the choice of x, is unimportant and will not affect the profile of the pad surface.
4.2.3 Elliptical Pressure Distribution. Another possible boundary condition on the
high feature is an elliptical pressure distribution given by the Hertz theory. In this case, both
the wafer and the pad are modeled as non-conforming elastic bodies. The pressure
distribution in the contact region, ix- nA| a, can be expressed as (Johnson, 1985):
P(x) = Po"l jijJ - (4.9)
where p,, is maximum pressure on the feature and can be found by:
P=2P (4.10)
As shown in Fig. 4.4, the pressure distribution can be rewritten as the normalized form, }
(where 7(x)_ 2ap(x)/P), versus the dimensionless distance, x/a.
2x 1/2
irx =- a-- 4.)1
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Figure 4.4 Pressure distribution in the contact region of the high feature for various boundary
conditions.
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The elliptical pressure distribution should result in a higher rate of material removal near the
center of the high features. However, this will change the profile of the high features quickly
and promote the pressure distribution toward a more uniform fashion. Applying this elliptical
pressure distribution on the boundary, the normalized displacement is given as:
4(1-v'2) P f __ _2(x-nX) 2
ME 2a x=-N n a f a>
-In+ (xnj +Ij+(2N+l)C 2  (4.12)
a a f
where C, is another dimensionless integration constant.
C2 4(l _V)p{( Xoj[ti "tJ )2[Ld+CiXij} (4.13)C,41 - v2 2x,21--In" + !(4-3
ifE 2a a) a a a a
4.2.4 Rigid Flat Punches with Specified Displacement. In some cases, it may be
simpler to specify the normal displacement ux) instead of the pressure distribution within the
contact region on the assumption that the pad conforms to the profile of the high feature. The
solution for this "mixed boundary-value problem" is also given in the contact mechanics
literature (Galin, 1961). The general solution of the singular integral equation for p(x), Eq.
(4.5b), in the contact region is given by:
E a(a2 -s2 )"2 du(s
p( x) = - _V ( d2)1 3 S)+ PX2)/2(4.14)
2(l -v)(a _X2)112 -,, (X -S) ds 7r(a 2_,2u
For example, the pattern profile is known from the prior deposition process in the initial stage
of Cu planarization, as shown in Fig. 4.2 (a). By assuming uniform indentation (du/dx = 0)
across the flat loaded region, the pressure distribution on an array of high features ix-n| 15 a
can be obtained from Eq. (4.14) as:
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p
p(x) = ;4a 2 (x-nA)21/2  (4.15)
Figure 4.4 also shows the normalized pressure 7i versus the normalized distance x/a across a
high feature for the flat-punch contact. The pressure reaches a theoretical infinite at the edges
of the high features due to the discontinuity in du/dx. In practice, a finite radius retains the
continuity of du/dx across the edge. The pressure would increase to a high but finite value.
Moreover, because the pad material cannot sustain such a high stress, it yields plastically.
Thus the pressure would not be higher than the yield/fracture strength of the pad. Despite the
pressure concentration near the edges, the pressure is distributed more or less uniformly over
the feature at close to about 0.7 times the average pressure P/2a in the contact region.
Increase of the load on each high feature proportionally increases the pressure at each point
but dose not change its distribution. Equation (4.15) shows that the general shape of the curve
is not affected by the elastic properties of the pad.
The pad displacement outside the high features is found by substituting the pressure
within loaded regions obtained from Eq. (4.15) into Eq. (4.5b) and by performing the
integration. The pad displacement can be expressed in the normalized form as:
4(1()V2)=p N+lnx-d xnAJ-l1 +( 2 N+)C3  (4.16)4 iEf 2a n=-N a a
where C, is the normalized integration constant, defined in the case of single flat punch
indentation as:
2(l V2) X 2 1/2~
C- - n -+ 'L-(4.17)
mE 2a
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4.3 Results
4.3.1 Pad Displacement. Figure 4.5 plots the normalized pad displacements for the
various boundary conditions based on Eqs. (4.7), (4.12), and (4.16). The zero on the ordinate
refers to the bottom of the high features. The displacement is calculated based on the
geometry and conditions close to current CMP practice. The area fraction is 0.5 (A, = w/ =
1- 2a/A = 0.5), and the applied pressure on the wafer is 50 kPa (7 psi). As shown in Table
4.1, the elastic modulus and Poisson's ratio of the pad are assumed to be E = 500 MPa andvy=
0.3 (close to those of the bulk commercial pads), respectively. However, for features with
dimensions smaller than the sizes of pad asperities (about 20-50 pm), the intrinsic elastic
properties of the pad material may be employed to calculate the pad displacement. Since the
intrinsic Young's modulus of the pad is higher than that of the porous pad (e.g. about 1.18
times higher for the pad with 15% of porosity in volume), the use of bulk properties will result
in overestimation of the pad displacement for the small lines (about 18%). Table 4.1 shows
the properties of the materials being polished. The assumption of rigid punch indentation in
prior analyses is valid since the Young's moduli of all materials involved in Cu damascene
pattern are much high than that of the pad.
The maximum displacements of the pad for the three boundary conditions are of
approximately the same order of magnitude. For current circuit design, in which the width of
small features is about w = 0.18 - 0.5 pm (or a = 0.09 - 0.25 pm for features with area fraction
of 0.5), the displacement of the pad outside the high features is about 0.03 to 0.08 nm, almost
negligible compared with the surface roughness of the pad. Therefore, if the step-height is
much larger than the pad displacement, as in the planarization stage of Cu polishing (for an
initial step-height of about 0.5 - 1 pm), the pad will not be in contact with the low surfaces.
Thus the material removal rate on the low features will be relatively low because no abrasion
occurs until the end of the planarization process. Additionally, the within-die nonplanarity
will result in a variation of the average pressure on different patterns, affecting the pad
displacement. The pressure distribution on different high features at the nonplanar surface can
be determined numerically based on Eq. (4.5) with a displacement specified boundary
condition in the contact region corresponding to the actual surface topography. The
experimental results show, however, the effect of mean pressure variation due to within-die
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Figure 4.5 Surface Profiles of deformed pad for various boundary conditions.
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Table 4.1: Elastic properties of materials.
Material Young's Modulus Poisson's Ratio
(GPa)
Cu 128t 0.30
Ta 186' 0.30
SiO2 (TEOS) 74" 0.20
Rodel Pad 0.5 0.30
ASM Metals Handbook, ASM International.
" Handbook of Materials Science, CRC Press Inc.
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nonplanarity is not as significant as the local pattern geometry, linewidth, and area fraction on
the pad displacement.
4.3.2 Effect of Pattern Linewidth. The effects of linewidth on pad displacement are
also illustrated in Fig. 4.5. For a pattern with constant area fraction, such as 0.5, the increase
of linewidth will proportionally scale up the displacement of the pad. Consequently, the pad
might start to contact the low area before the topography is planarized. For instance, the pad
displacement is about 20 nm for a 100 pm wide line. When the size of pad asperities, about
100 - 200 nm, and particle size, about 200 nm, are taken into consideration, the low area of a
wide feature (interconnect line, contacting pad) will be in contact with the pad/particle in the
planarization regime (about half of the initial step-height in this case). By contrast, for sub-
micron size features, the pad asperities cannot reach the low feature freely giving the
constraint of the surrounding high features. Hence, the pad does not contact the low area until
the end of the planarization regime.
Increased linewidth for the same Af also decrease the (average) MRR on the high feature.
Because part of the load at some point in the planarization regime is supported by the low
features, the average pressure on the high feature decreases as does the MRR. The variation
of the MRR for different area fraction regions causes a variation of process duration for
clearing Cu. This results in part of the die being overpolished and introduces oxide thickness
variation and Cu loss problems. Additionally, the sooner the low features are in contact with
the pad, the more likely that the surface topography is partially retained until the end-point of
the process. This may increase surface nonuniformity and start dishing the Cu in the trenches
before the Cu layer is polished through. Dishing and overpolishing will be addressed later in
the Chapter 5.
4.3.3 Effect of Pattern Area Fraction. The effects of area fraction are shown in Fig.
4.6. The normalized pad displacement, u/a, increases with the A,. The three boundary
conditions show the same trends and similar displacement values. Among the three, the
elliptical pressure distribution yields the largest pad displacement for all A. For lower A, the
uniform pressure boundary condition results in a slightly larger pad displacement in the low
area than that of the (constant) displacement specified condition. When A, is greater than
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Figure 4.6 Pad displacement versus pattern area fraction for various boundary conditions.
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approximately 0.7, the pad displacement is more in the low area for the boundary condition of
specified displacement in the loaded region.
Except for the steep increase of u/a with Af at higher area fraction regions, i.e. greater than
0.7, the displacement increases almost linearly with Ar Between the area fractions of 0.2 to
0.6, the slope of the curve is about 1x103 . Thus the pad displacement will be about the same
order of magnitude even with a slight variation of area fraction for the present circuit designs.
Therefore, for the first few metal layers with fine interconnects, the surface will be planarized
before the pad contacts the low area. Moreover, if the Cu linewidth is small and the effect of
pad displacement is essentially negligible, the MRR and the rate of planarization will both
increase proportionally with Af because the average pressure on the high features is inversely
proportional to A. This will result in build up the surface non-planarity within the die across
different area fraction regions in the planarization stage of process.
4.3.4 Effect of Pad Elastic Properties. The effect of pad elastic modulus is shown in
Fig. 4.7 with a dimensionless parameter p,/E, which is close to 104 for the present pad and the
nominal pressure employed in CMP. However, different pads may vary the degree of surface
planarity. For example, some engineering plastics, with E about an order of magnitude
greater than the polyurethane pad (about 1-5 GPa), or even some soft metals, with a two-
order-of-magnitude greater E (about 10-20 GPa), could improve the surface planarity. Figure
4.7 indicates that the pad displacement will decrease proportionally with the increase of E or
the decrease of pa/E value. The results can be applied to the pad displacement at both the
low feature and the lower subdie region which has been polished down faster than the
surrounding low area fraction region due to higher area fraction. By using a stiffer pad, the
surface level of two distinct area fraction regions may be maintained at a small difference and
retain the surface planarity across the die. On the other hand, a compliant pad, such as some
polymer foams with E ranging from close to the present pad (about 500 MPa) down to one
order magnitude less (about 10 MPa), may be employed in the final polishing regime to
reduce the load on abrasive particles and prevent surface scratching. The contact mechanics
models can determine the desired range of pad properties with respect to the range of applied
pressure to satisfy the requirements at different process regimes.
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4.4 Experimental Validation and Discussion
4.4.1 Experimental Conditions. As shown in Fig 4.8, a Cu damascene structure was
designed to verify the results of contact mechanics modeling. The pattern for each die (10
mm x 10 mm) consists of a matrix of 2.5 mm x 2.5 mm blocks (sub-die). These blocks in turn
consist of line-space features, whose dimensions are close to the scale of the Cu interconnects
on current chips with a minimum linewidth of 0.5 pm and a maximum linewidth of 100 pm.
The area fraction of the experimental mask ranges from 0.01, representing an isolated line, to
0.5, representing a dense packing case. This pattern is transferred into a 2 pm thick SiO 2
coating by lithography on a 100 mm, (100) orientation silicon wafer. After oxide trenches are
etched to a depth of 1 pm, a 20 nm thick Ta barrier layer is deposited, followed by a 1.5 pm
thick Cu film. The mask layout and the corresponding area fractions of metal interconnect
lines with respect to the specific w and X are shown in Fig 4.8.
In this set of experiments, low nominal pressure of 28 kPa (4 psi) and linear velocity of
0.46 m/s were employed to decrease the MRR for a period of planarization longer than the
normal CMP conditions. A neutral slurry with 4 vol.% of 0.3 pm A120, abrasive particles
allowed focus to remain the mechanical aspect of the process. The polishing experiments
were conducted on the grooved commercial polyurethane pad, Rodel IC-1400. Conditioning
was performed between each polishing to retain a similar surface condition of the pad. The
initial and polished profiles of the patterns were recorded by a stylus profilometer and an
atomic force microscope (AFM), for coarse and fine structures respectively.
4.4.2 The Evolution of Patterns. Figure 4.9 shows the evolution of the patterned
surface (w = 5 pm and L = 500 pm). Due to the high reflectance of Cu, the unpolished,
scratch-free high features appear bright in the optical micrograph, Fig. 4.9 (a). The walls
between the high and low surfaces appear dark in bright-field illumination because less
normal incident light is reflected. The low features are less reflective because of the coarse
microstructure from the Cu deposition. After two minutes of polishing as shown in Fig. 4.9
(b), the surface of the high features was slightly roughened, but still highly reflective in
comparison to the low area. The same coarse microstructure and scratch-free surface of the
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Figure 4.8 Schematics of the CMP mask: (a) mask layout, and (b) pattern geometry layout.
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low area indicate that the pad does not contact the low area, as predicted by the contact
mechanics models. Moreover, the boundaries between the high and low features become less
distinguishable due to the rounding at the edges. Section 4.2.4 explained this as the high
stress concentration around the sharp edges in the early stage of planarization. Similar surface
morphology was found in Figs. 4.9 (c), (d) and (e) for polishing time of three, four, and five
minutes. Nevertheless, after six minutes of polishing, as shown in Fig. 4.9 (f), the surfaces of
both high and low features are roughened. Therefore, the pad is now in contact with both the
high and low features and both surfaces are polished.
Figure 4.10 shows the evolution of a different pattern with much larger linewidth, 100 pm,
and 0.5 area fraction with 200 pm pitch. The trend of surface evolution is similar to the prior
case with small line and area fraction. Few scratches were observed on the low area because
large contaminant or agglomerate particles might be transported into the trenches. The
particles contact with pad asperities to abrade the surfaces of low features. Additionally, the
low area starts to be roughened at about four minutes of polishing, earlier than in the prior
case. This implies that the pad contacts the low features in the planarization stage for wider
lines, which suggests that pad displacement increases with linewidth. A qualitative
comparison between the theoretical prediction and the experimental results of the pad
aisplacement is given in the next section.
4.4.3 Effect of Pattern Geometry. Table 4.2 lists the remaining step-heights of various
patterns at different polishing duration. For the features of interest, the process is still in the
planarization stage because after six minutes of polishing the step-height is generally larger
than twice of the RMS surface roughness, about 10 nm. This can be verified by observation
under an optical microscope, which shows that the low features are not polished until the end
of polishing. The rate of planarization is defined by the reduction rate of step-height, which
indicates how quickly the surface topography can be removed in the planarization process. It
is found that the rate of planarization is strongly affected by the area fraction of the pattern
and less by the linewidth. For A,= 0.5, the surface was planarized at a rate about 220 nm/min,
twice the rate of blanket Cu polishing, at about 100 nm/min. For small A 1 of 0.01, the
planariztion rate is close to the blanket rate, at about 140 nm/min.
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Figure 4.10 Optical micrographs of the evolution of pattern surfaces
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Table 4.2: Experimental results of step-height evolution at planarization stage.
Linewidthw Pitch, A w/A Step-Height at Different Duration Rate of
(nm) Planarization
(pm) (pm) 2 min 3 min 4 min 5 min 6 min (nm/min)
2.0 4.0 0.50 857 582 270 114 28 213
2.0 200.0 0.01 800 636 489 355 201 148
5.0 200.0 0.025 851 700 565 315 222 164
5.0 500.0 0.01 849 711 550 435 320 133
25.0 50.0 0.5 897 601 253 47 10 233
25.0 200.0 0.125 795 654 503 321 212 150
100.0 200.0 0.5 945 695 345 78 49 241
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Figure 4.11 shows the time evolution of step-heights for patterns with 0.5 area fraction.
Again, the high features of 2, 25 and 200 pm line structures were planarized at a similar rate.
Since the low area is not polished in the earlier stage of planarization, the MRR at the high
feature can be estimated based on the rate of step-height reduction. The dashed line in the
figure represents the least square fit of the data before the low area is in contact with pad,
which indicates that the MRR on the high features is about 305 nm/min. After about five
minutes of polishing, the pad starts contacting the low area when the step-height reaches about
50 to 200 nm, depending on the linewidth of the patterns. The rate of planarization reduces to
about 130 nm/min before the surface is planarized, about half that before the pad contacts
with low features. This suggests that now the load is uniformly supported by both low and
high areas rather than just 50% of the high area as in the earlier stage.
For the wide features, the pad starts to contact the low area much earlier before the
topography is planarized. For instance, the low area for the 100 pm line was polished when
the step-height was about 350 nm. This step-height is larger than the pad displacement
predicted by the contact mechanics model, which is about 20 nm. The low area of a wide
feature (interconnect line, contacting pad) will be in contact with the pad at the earlier
planarization regime when the size of pad asperities, about 20 - 50 pm, and particle size,
about 300 nm, are taken into account. By contrast, for micron or submicron size features, the
pad asperities cannot reach the low feature freely with the constraint of the surrounding high
features. Hence, the pad does not contact the low area until the end of the planarization
regime. Therefore the high feature will be polished further down before the low feature has
been polished, as in the case of 2 pm lines.
The high features are removed at a lower rate about 140 nm/min for the first six minutes
as shown in Fig. 4.12 for the patterns with 0.01 area fraction and linewidth 2 and 5 pm. The
high area is polished slowly because of the small area fraction. Because the removal rate on
the high features is low and the linewidth is small, the low area remained unpolished during
the polishing period. The MRR on the high area rate is about half that for 0.5 A 1 in the earlier
planarization stage. These imply that the average pressure on each sub-die is similar. The
nonuniformity of material removal rate across a die is essentially due to the non-uniform
pressure distribution on the high features affected mainly by the pattern area fraction.
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Figure 4.11 Time evolution of step-heights for patterns with constant area fraction 0.5 (w/A =
0.5) and various linewidths.
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Figure 4.12 Time evolution of step-heights for patterns with constant area fraction 0.01 (w/A
= 0.01) and 2 and 5 pm linewidths.
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Moreover, the MRR of high features for the 0.01 area fraction is much higher than the
blanket rate. It is slightly higher but close to the blanket rate after the pad is in contact with
the low area with uniform pressure distribution. The effects of surface nonplanarity across
sub-die areas of different area fractions account for this. The high area fraction area will be
planarized faster than the low area fraction. Based on the contact mechanics model, the area
of low area fraction will on average support a higher normal pressure. However, compared
with a single line, the pressure difference between the high and low area fraction regions
usually will not be large because the sub-die area is wide enough for the pad to displace into
the low sub-die region to even out the pressure. Additionally, the trenches on the wafer
surface might help transport the slurry and thus increase the MRR slightly.
4.5 Conclusions
The planarization behavior in the CMP of Cu patterns was studied based on the contact
mechanics models. Experimental results to support the models were presented. Based on the
model and the experimental results, the following conclusions are drawn.
(1) Three different boundary conditions: displacement, uniform pressure, and elliptical
pressure distribution (Hertzian contact) on high features, were specified to represent initial
stage, steady-state stage, and pattern/pad nonconformal situation. For each condition, the
pad penetration into low features of sub-micron lines is insignificant compared with the
surface roughness of the pad. Therefore, the applied load is carried by the high features
during planarization and the MRR increases with the area fraction of Cu interconnects
(i.e., the percentage of the low feature area).
(2) Pad displacement increases with the increase of linewidth and area fraction and with
decrease of the pad elastic modulus. For the wider Cu features (about 100 pm) at the
higher levels of interconnects, the pad may start to contact low area and reduce the rate of
planarization and retain the surface topography. For area fraction of about 0.5, the pad
displacement does not vary significantly with the area fraction. Additionally, the models
can be used to choose the desired elastic modulus of pad to help improve the surface
planarity for given conditions (pressure, pattern geometry, etc.).
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(3) The contact mechanics models cannot be applied when the surface topography is small,
such as at the end of the planarization stage and at the dishing and overpolishing regimes.
This is because the boundary conditions of pad roughness and the particle/wafer contact
are difficult to use in the models. The MRR on the high features will decrease due to the
contact of pad on the low area. On the other hand, the nonuniform pressure distribution
across different sub-die are explained by the contact mechanics model. The sub-die area
polished slowly can be treated as a wide high feature, which carries higher average
pressure than the surrounding sub-dies. The MRR on this sub-die area will be higher to
retain the within-die surface planarity.
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Nomenclature
A, = area fraction of metal pattern
a = half linewidth of the metal pattern (m)
C,, C,, C, = integration constants
h = thickness of the material removed on wafer surface (m)
k= Preston constant (m2/N)
P = load per unit length on a high feature (N/m)
p = normal traction on the wafer surface (N/M 2)
p, = maximum normal traction on a high feature (N/M 2)
q = tangential traction on the wafer surface (N/m2)
t = experiment duration (s)
u, u, = normal and tangential displacements of the pad (m)
U. = tormalized normal displacement of the pad
VR = relative linear velocity of wafer (m/s)
w = pattern linewidth (m)
x, y, z = Cartesian coordinates ( m)
X = position of a datum on the displaced surface of pad (m)
Ah = oxide overpolishing (m)
S = Cu dishing (m)
A = pattern pitch (m)
V = Poisson's ratio
z = normal stress on the pad surface (N/m2)
= shear stress on the pad surface (N/m2
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CHAPTER 5
EVOLUTION OF COPPER OXIDE DAMASCENE
STRUCTURES IN CMP:
II. DISHING AND OVERPOLISHING
Test wafers comprising damasceixe structures are designed and fabricated to investigate
Cu dishing and oxide overpolishing. The mask design coveres a wide range of linewidths and
pitches to represent such features as signal and power transmission lines and probing or wire-
bonding pads. Experiments are conducted to investigate the evolution of pattern profile
during polishing and to determine the onset and rates of dishing and overpolishing. The
effects of Cu linewidth and area fraction on the rates of pattern planarization, Cu dishing and
oxide overpolishing are quantified. The effect of nardness of the composite surface on
dishing and overpolishing are examined. An optimization scheme, employing particle size,
particle hardness, and pad stiffness to increase MRR, to enhance the selectivity between SiO,
and Cu, and to reduce surface nonplanarity is proposed.
5.1 Introduction
As shown in Chapter 4, the local (die-scale) pattern geometry affects the local MRR
significantly. The nonuniform pressure distribution resulting from the nonuniform area
fraction and layout of the pattern introduces surface non-planarity in the planarization stage of
metal polishing. Consequently, the pattern is slightly overpolished to remove all the metal
coating on the dielectric surface so that the metal interconnects are isolated. Concurrently,
dishing occurs on the soft metal in the trenches and reduces the cross-sectional area of the
interconnect. Both overpolishing and dishing result in surface nonpanarity and thickness
variation of metal interconnects across a die area.
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Dishing and overpolishing rates may be estimated by an extended version of the Preston
equation:
dh
-= kP(x, y) pv@(w,Af,,t*,...)vR (5.1)
dt
The Preston constant k, is a function of position which relates to the physical layout of the
oxide and Cu interconnects. The Preston constants for different materials remain the same as
those on blanket polishing. The Preston constant on blanket coating is a function of the
coating hardness, abrasive size and hardness (as shown in Chapter 3), and the slurry chemistry
(Kaufman et al., 1991; Steigerwald et al., 1995; Carpio et al., 1995; Zeidler et al., 1997;
Fayolle and Romagna, 1997; Luo et al., 1998; van Kranenburg and Woerlee, 1998;
Hariharaputhiran et al., 2000; Kondo et al., 2000). The pressure distribution is affected by the
actual shape of the dished/overpolished surfaces, a function of Cu linewidth w, area fraction Af
and overpolishing time t*. The pressure distribution can be decoupled as a product of the
average pressure on the die area and a geometrical function 0 which includes the effects of
pattern geometry. In practice, the geometrical function 4 is not easy to find even when the
surface topography is known. In this case, surface variation due to dishing and overpolishing
is comparable to the surface roughness of the pad and the slurry particle size. Therefore, the
contact mechanics model presented in Chapter 4, assuming a flat and homogeneous pad and
neglecting the effects of particle, is no longer valid. However, a qualitative model for the
rates of overpolishing and dishing at steady-state can be achieved with some simplified
assumptions.
When the size of the planarized feature is close to or smaller than the abrasive particle
diameter (0.2-0.3 pm) and pad surface roughness, the calculation of local pressure must take
into account the particle distribution and the pad local topography. It is difficult, however, to
develop an analytical model of this sort. Therefore, research on dishing and overpolishing has
been confined to experimental characterizations and parametric studies on such pattern
parameters as area fraction, linewidth and pitch (Murarka et al., 1993; Steigerwald et al.,
1995; Gutmann et al., 1995; Stavreva et al., 1995, 1997; Park et al., 1999). Though a few
semi-quantitative models have been proposed (Elbel et al., 1998; Tugbawa et al., 1999), the
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fundamentals of dishing and overpolishing and their relation to pattern geometry and material
properties are still not fully understood. Most of the experiments were conducted on larger
size features. The results and associated problems (such as severe dishing on 100 pm
features) may not be applicable to the current sub-quarter micron circuit design. The scaling
issue must be addressed based on the similarity in fundamental material removal behaviors on
different size features.
In this chapter, steady-state dishing and overpolishing are modeled based on the pressure
distribution and the local-scale wear phenomena. Dishing is also studied by considering the
effects of pattern geometry, pad displacement, and particle size. Experiments quantitatively
establish the effects of Cu linewidth and area fraction on the rates of pattern planarization, Cu
dishing, and oxide overpolishing. On this basis, the fundamentals of dishing and
overpolishing phenomena and their mechanisms are examined and the important process
parameters are identified. The results are correlated to the contact mechanics model in the
previous chapter to determine the effects of pressure distribution due to surface remaining
topography on the dishing overpolishing. Schemes for optimal Cu CMP to mitigate dishing
and overpolishing, employing the effects of particle size, particle hardness, slurry pH, are
discussed.
5.2 Theory
The Preston constant can be defined as the ratio of the wear coefficient k4 to the hardness
H of material being polished. Thus the intrinsic MRR at any point on the wafer surface can be
determined by the Preston equation, which may be rewritten as
dh = p k .R(5.2)
dt H
where p is the local average pressure applied at the vicinity of the points of interest on the
wafer surface. As shown in Chapter 3, the wear coefficient depends on the polishing
mechanism and is insensitive to the material polished. k, roughly remains a constant for
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various surface coatings, including Cu, TEOS, on blanket wafers in the CMP conditions. If
we assume that the same k, can be applied on both die-scale and feature-scale. The MRR on
both Cu and oxide surface, as shown in Fig. 5.1, may be expressed as:
Cdh k__
cit I - H PCUVR (5.3)dt H cu
(h J - H POxide VR (5.4)
dt ide HOxide
where Hc. and Hoxde are the material hardnesses of Cu and oxide respectively. If the steady-
state regime is assumed, i.e. the amount of Cu dishing remains constant with overpolishing
time, the material removal on both the Cu and oxide surface should be uniform and at the
same rate:
-dh u = (dh (5.5)
dt cdt )Oxide
By equating Eqs. (5.3) and (5.4), noticing that the relative velocity on the adjacent Cu and
oxide regions are virtually the same, the relation between pressure distributed on Cu and oxide
and the hardness of these materials can be expressed as
Pcu 
_ Hc" (5.6)
POxide HOxide
To solve pc. and pox,,d with pattern geometry, the force equilibrium condition on the area of
interest across a interconnect and the surrounding oxide spacing can be employed:
PCu W+ POxideW(W) = (5.7)
where ~ is the average pressure on the specific area. In terms of area fraction Af, Af= W,
Eq. (5.7) can be rewritten as:
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Because the surface variation (nonuniformity) will not be large, usually less than 100 - 200
nm after a short period of overpolishing, the local average pressure on ~ is approximately
equal to the average pressure on the die p. Solving Eq. (5.8) by the relation given in Eq.
(5.6), the pressure on the oxide surface in steady-state is given as:
P (5.9)POxide = kHu / H Oxide)Af + (1- Af)] kH c /Hoxide)Af + (1- Af (
The pressure on the oxide surface is a function of average pressure on the die, the
hardnesses of materials presented on the surface, and the area fraction of pattern. If the
pressure in Eq. (5.4) is replaced by Eq. (5.9), the Preston equation on the oxide surface can be
rewritten as:
(dh k = k k
= -v R ~ Pav VR (5.10)
dt Oxide H ,Oxide 1H /HOxide)Af +( -Af)] H' H'
where H' is defined as the "apparent hardness" and can be written as:
H' = H cuAf + H xae ,I - A, ) (5.11)
Equation (5.10) states that, in steady state, the polishing rate on a specific patterned area is
equivalent to the rate in a field area with material hardness H' and the same average pressure
o (~~ Pv). If there is a variation of H' across a die area due to the variation of pattern area
fraction, the deviation of the oxide and Cu thickness from the mean thickness will increase
with overpolishing time. Hence the apparent hardness across the die should be as uniform as
possible to reduce overpolishing. More details about process optimization will be discussed
in the later section. Additionally, the rate of oxide overpolishing is bounded by the steady-
state rate and the blanket oxide polishing rate. Based on force equilibrium, the pressure on the
oxide will increase with the increase of dishing (less pressure will be applied on the Cu lines)
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until it reaches a steady-state value. Similarly, the Cu polishing rate is bounded by the blanket
Cu rate (as on the planar surface at the end-point) and the steady-state rate of the surrounding
oxide (which is very close to blanket oxide polishing rate except in the case with extreme high
area fraction).
5.3 Experimental
5.3.1 Mask Design. A Cu damascene structure was designed to study the effects of
geometry on metal dishing and oxide overpolishing. As shown in Fig. 5.2, the pattern on each
die (10 mm x 10 mm) consists of a matrix of 2 mm x 2 mm blocks (sub-die area). These
blocks in turn consist of line-space features with a minimum linewidth of 0.5 Pm. Table 5.1
lists the design features of the pattern and Fig. 5.3 shows the physical layout of the pattern on
the mask. The first type of features are compose of fine Cu lines of constant linewidth 0.5 pm
and of various pitch ranging from 1 pm to 200 pm. These represent the metal interconnects
with critical dimension and different packing density. The second type of features study the
effect of linewidth on dishing. Various Cu lines, from 0.5 pm to 100 pm, with large pitch,
200 jim, provide wide spacing between adjacent Cu interconnects. For small Cu lines, the
wide spacing reduces the effect of SiO 2 overpolishing on dishing. Two constant Cu area
fractions, 0.01 and 0.5, with various linewidths and pitches are the third type of features to
study the effects of scaling on dishing and overpolishing. The 0.5 area fraction is close to the
present design rules of metal layer layout in ULSI circuits. By contrast, the features with 0.01
area fraction represent single, isolated lines.
Lithography transferred the pattern onto the 1.5 pm thick SiO 2 (TEOS) coating on a 100
mm, (100) orientation silicon wafer. After oxide trenches were etched to a depth of 1 pm, a
20 nm thick Ta barrier layer was deposited, followed by a 1.5 pm thick PVD Cu film. Figure
5.4 shows the scanning electron micrograph (SEM) of the cross-section of the patterned
wafer.
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Figure 5.2 Schematic of the pattern layout on the test wafer.
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Table 5.1: Linewidth (w), pitch (A) and area fraction (Af) of patterns on the test mask.
A (m) 1 2 4 10 50 100 200 500
w (pm)
0.5 0.50 0.25 0.125 0.05 0.01 0.0025
0.7 0.0035
1.0 0.01
2.0 0.50 0.01
5.0 0.025 0.01
25.0 0.50 0.125
100.0 0.50
10mm
10 mm
(a)
Linewidth (pm) / Pitch (pm)
Area Fraction
(b)
Figure 5.3 Schematics of the CMP mask: (a) mask layout, and (b) pattern geometry layout.
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(a)
Figure 5.4 SEM micrographs of the pattern (w = 0.5 pn and A = 1 pm): (a) cross section of
the patterned oxide ILD, and (b) surface topography after Cu deposition.
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5.3.2 Experimental Conditions. Experiments were conducted on a rotary-type
polisher. Table 5.2 lists the experimental conditions. The normal pressure and relative
velocity were maintained at 48 kPa and 0.7 m/s respectively to ensure wafer/pad contact. The
polishing duration was varied from one minute to six minutes to cover the under-polished,
just-polished, and overpolished periods. The polishing slurry was composed of 4 vol.% of a-
Al203 abrasives with average size 300 nm. In contrast to the acidic solutions used in
commercial Cu CMP, the slurry pH was maintained at 7 to focus only on the mechanical
aspects of polishing. The Rodel IC-1400 was used to polish the wafer. The pad was
conditioned before polishing each wafer.
The profiles of the pattern surface at different polishing times were measured by stylus
profilometry and by AFM for coarse and fine features, respectively. The Cu dishing was
determined by measuring the amount of recess on the Cu lines relative to the oxide surface
after the Cu coating on the oxide was cleared. The oxide overpolishing was determined by
measuring the remaining oxide thickness. For coarse features, the oxide thickness was
measured directly by ellipsometry. For fine features less than 20 pm wide a reference oxide
thickness was measured by ellipsometry on the 400 pm wide oxide spacing between sub-die
blocks. The thickness of the oxide features was determined by relating the surface profile
inside the sub-die block to these reference spacings. All measurements were in the center of
the sub-die block of the center die to minimize the effects of spatial variations due to wafer-
scale polishing non-uniformity.
5.4 Results
5.4.1 Time Evolution of the Pattern. As shown in Fig. 5.5 under optical microscope,
the patterned surface (w = 25 pm and A = 50 pm) evolves with polishing time. Due to the
high reflectance of Cu, the unpolished, scratch-free high features appear bright in the optical
micrograph, Fig. 5.5 (a). The walls between the high and low surfaces appear dark in bright-
field illumination because less normal incident light is reflected. In Fig. 5.5 (b), after one
minute of polishing, the surface of high features was roughened. However, the surface of the
low area did not change in microstructure, indicating that the pad did not contact the low
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Table 5.2: Experimental conditions.
Experimental Parameters
Diameter of Wafer (mm)
Normal Load (N)
Normal Pressure (kPa)
Rotational Speed (rpm)
Linear Velocity (m/s)
Duration (min)
Sliding Distance (m)
Slurry Flow Rate (ml/min)
Abrasive
Abrasive Size (nm)
pH
Experimental Conditions
100
391
48
75
0.70
1 - 6
42-252
150
a-A120,
300
7
178
t = 0 minm
V
(a)
t = 3 min 30 sec
(d)
Figure 5.5 Optical micrographs of the evolution of pattern surfaces (w = 25 pm and A = 25
pm).
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(b)
t =4 min
(c)
t = 5 min
(e) (f)
t = 2 min t = 3 min
area, as predicted by the contact mechanics models. After two minutes of polishing, as shown
in Fig. 5.5 (c), the surfaces of both high and low features were roughened and the boundaries
between the high and low features were less distinguishable. This is because the step-height
decreased and the sharp edges of high and low features became rounded. Therefore, the pad
was in contact with both the high and low features and both surfaces are polished. At three
minutes, in Fig. 5.5 (d) the boundaries became indistinguishable, the step-height almost
vanished, and the Cu surface was planarized. As shown in Fig. 5.5 (e), when the process
almost hit the end-point at three and a half minutes, the less reflective barrier layer, Ta, started
to appear. After thirty more seconds of polishing, the barrier layer was cleared and the
underlying oxide exposed. The much darker oxide surfaces in Fig. 5.5 (f) indicate that the Ta
layer has been polished off. The Cu lines are distinct because the reflectance of oxide is much
less than that of Cu.
Figure 5.6 shows the evolution of the surface profile. At the beginning of polishing, the
high features were removed faster than the low features, quickly smoothing the surface. The
sharp corners were rounded in this period because of the pressure concentration at the edge.
The high features may have reached a steady-state profile before the topography was
planarized. The MRR in the planarization stage is about 500 nm/min for this feature. That is
about twice of the blanket rate although the area fraction of the high features, 0.025, is very
close to the blanket surface. One explanation is that the trenches on the surface improve the
local slurry dispensing. The pressure on each subdie might be not uniform due to the die-
level surface nonuniformity.
As the step-height between the high and low features decreased, the MRR on the high
features approached that of the low features. This indicates that the pressure distributed more
uniformly while the surface was smoothed out. Finally, both MRRs were close to the blanket
Cu polishing rate, about 220 nm/min, and the surface was planarized. The Cu surface
remained flat until the process end-point, which is consistent as shown in Fig. 5.5 (c). After
passing the end-point, between three and four minutes, the Cu lines started dishing. The
dishing increased with overpolishing time. The oxide was polished too, but at a rate much
slower than for soft Cu. Therefore, the surface topography built up again.
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A similar trend of pattern evolution was observed on the smallest features, i.e. 0.5 pm Cu
lines. Figure 5.7 shows the AFM micrographs and the cross-section plots of the features with
0.5 pm linewidth and different pitches (1, 2, 4 and 200 pm) at about process end-point (three
minutes 30 seconds) and after overpolishing for one and a half minutes (total five minutes).
All surfaces in the figure were planarized just before the end-point. Few shallow scratches
due to particle abrasion of the soft Cu surfaces are evident. In the case of overpolishing,
dishing occurs on the Cu lines, which appears dark in the AFM micrographs due to its low
position relative to the surrounding oxide surface. For features with A = 1 and 2 pm (or higher
Cu area fraction, A, = 0.5 and 0.25), the amount of dishing was less than 30 nm after
overpolishing. In comparison, dishing is much significant, about 200 nm, for the isolated
line-feature with 200 pm pitch. Significant rounding also occurs at the edges of oxide for the
isolated line structures.
5.4.2 Copper Dishing. Table 5.3 lists the amount of dishing at different durations for
structures on the center die of the test wafer. Before three min, when the surface was still
covered with a thin layer of Cu, there was no dishing. The onset of dishing depends on the
pattern geometry, characterized by the linewidth and the area fraction of Cu (or the pitch).
From an earlier observation, dishing began when Cu was polished through. Because Cu was
not cleared simultaneously for features with different linewidths, or area fractions, the onset of
dishing varied with the same parameters. The time variation for the onset of dishing was
about one minute for all patterns. In practice, this variation will require overpolishing on part
of the wafer to clear all the Cu on the oxide surface. This creates surface nonuniformity. The
table lists the rates of dishing resulted from the least square method for the data. The
normalized rate of dishing, ranging from 0.04 to 1.39, is defined as the rate of dishing divided
by the Cu blanket polishing rate, about 210 nm/min.
Figure 5.8 shows the effects of linewidth on dishing for 0.5 area fraction features, which is
close to the present circuit design. For small-linewidth features, such as 0.5, 1, or even 25 pm
lines, the amount of dishing levels off after a short period of overpolishing. The constant
dishing level for 0.5 and 2 pm lines is 20 to 30 nm. Moreover, the rates of dishing are
bounded by blanket Cu and oxide polishing rates as shown in Section 5.2. For 0.5 and 2 pm
wide lines, the rate of dishing is close to the blanket oxide polishing rate, about 12 nm/min.
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Figure 5.7: Time evolution of various patterns: AFM micrographs at (a) 3 minitues 30
seconds and (b) 5 minitues; surface profiles at (c) 3 minutes 30 seconds and (d) 5 minutes.
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Table 5.3: Experimental results of dishing evolution.
Pitch, A Linewidth,w w/A Amount of Dishing at Different Duration Rate of Dishing Normalized
(nm) Rate of Dishing
(pm) (pm) 3 min 3.5 min 4 min 5 min 6 min (nm/min)
1 0.5 0.50 0 0 0 26.6 18.5 9.3 0.04
2 0.5 0.25 0 0 0 27.5 71.3 35.7 0.17
4 0.5 0.125 0 16.4 27.6 36.4 92.1 27.7 0.13
2.0 0.50 0 26.7 13.6 30.8 34.2 9.4 0.04
10 0.5 0.05 0 12.3 34.5 42.0 154.0 46.7 0.22
50 0.5 0.01 0 0 0 112.4 228.2 114.1 0.54
25.0 0.50 0 150.0 120.0 113.0 143.5 28.8 0.14
100 1.0 0.01 0 65.3 16.5 158.0 267.1 87.5 0.42
200 0.5 0.0025 0 0 0 215.7 284.5 142.5 0.68
0.7 0.0035 0 0 0 254.7 359.5 179.8 0.86
2.0 0.01 0 127.6 200.0 273.4 395.7 121.0 0.58
5.0 0.025 0 225.0 123.3 546.3 786.5 259.1 1.23
25.0 0.125 0 183.5 400.0 628.3 705.0 236.5 1.13
100.0 0.5 0 200.0 215.0 364.5 445.5 135.9 0.65
500 5.0 0.01 0 243.8 398.0 847.5 878.5 292.3 1.39
00
E
a
a
a
:2(0
1000
800
600
400[
200
0
- -
-APR
2 4 6 8 10
Time, min
Figure 5.8 Time evolution of Cu dishing for patterns with constant area fraction 0.5 (w/A =
0.5) and various linewidths.
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For larger linewidths such as 100 pm, however, dishing increases with overpolishing time and
did not reach a constant level (steady state) within the comparatively long overpolishing
period in experiments. The dishing amount is about 450 nm after three minutes of
overpolishing. Thus the dishing rate is about 150 nm/min, close to the polishing rate of
blanket Cu, about 210 nm/min.
Dishing is as slow as the oxide removal rate for small features because the surrounding
oxide constrains the polishing of fine Cu lines. As demonstrated in the contact mechanics
analysis in Chapter 4, the pad cannot deform sufficiently into the small trenches. For
instance, for a pattern with small linewidth and modest area fraction such as the 0.5 nm line
with Af 0.5, the pad displacement is about 0.08 nm and almost can be neglected compared to
the pad roughness. This gives us a magnitude about the maximum depth that pad can indent
into the dished Cu surface. The amount of dishing must be comparable to the sum of pad
displacement and the indentation depth of the particle if no chemical reaction is involved.
Based on experiment results, the indentation depth is about 10 to 20 nm for 300 nm Al203
abrasive at normal CMP conditions. Therefore, the maximum dishing is about 20 nm, which
agrees with the measurements. After reaching steady state, the Cu will be polished at the
same of oxide overpolishing predicted by Eq. (5.10).
In contrast, when the Cu line is wide enough, the pad easily conforms with the dished Cu
surface. Pressure is uniformly applied on both the Cu and oxide surfaces as on the blanket
wafer. For example 100 pm, the pad can deform into the dished area without the constraint of
surrounding oxide. This will result in a large amount of Cu dishing, such as 300 - 400 nm, in
these 100 pm lines (with the consideration of pad deformation, pad roughness and particle
size). The ratio of dishing to linewidth is still very small, about 0.004. For such a small
difference of strain between Cu and oxide contact regions, the normal pressure can almost be
assumed uniform, i.e. Pc, poxide = P. Hence, the dishing rate will be close to the blanket
Cu polishing rate, about 220 nm/min.
Figure 5.9 shows the effects of linewidth on the dishing behavior of isolated lines, with
Af = 0.01. The trend is similar to those on area fraction 0.5: dishing increases with
overpolishing time. Its rate is bounded by blanket Cu and oxide polishing rates. The amount
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Figure 5.9 Time evolution of Cu dishing for patterns with constant area fraction (wIA. = 0.01)
and various linewidths.
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and the rate of dishing on isolated lines increase compared to those on 0.5 area fraction lines.
The rate of dishing increases about 14 times for 0.5 and 2 pm features, less for features 5 pm
or larger. This is relatively insignificant, considering the fifty-times decrease on the area
fraction. Additionally, dishing on small Cu lines, such as 0.5 and 2 pm ones, does not reach a
steady state with about two and a half minutes of overpolishing. Figure 5.10 shows the effects
of area fraction on dishing for 0.5 pm lines. The results confirm that the area fraction does not
significantly affect dishing. For area fraction ranging from 0.01 to 0.5, the rates of dishing are
all close to the blanket oxide polishing rate. It is also shown that, except for the very low 0.01
area fraction, dishing will stay at low level, less than 35 nm, even with two-minute
overpolishing.
Figure 5.11 compares the present work on features with 0.5 area fraction with the data
from the literature (Park et al., 1999) with a commercial chemical slurry. The dishing
behavior is not affected by the presence of chemicals in the slurry, for features less than 25
pm. In both experiments, dishing reaches the same steady-state level after overpolishing for
about one minute. However, for a wide Cu area, for example 100 pm, the dishing rate is
reduced by tailoring of the slurry pH and chemistry. The dishing amount is reduced by half,
from 450 nm to 230 nm, after three minutes of overpolishing. Even for a one-minute period
of overpolishing, dishing is reduced by a factor of 0.65 by using a chemical slurry. These
results suggest that the effect of chemistry on dishing depends on the assistance of mechanical
particle abrasion. The pure chemical etching is not very significant in the Cu polishing
process. For small lines, the material removal due to particle abrasion decreases with the
increase of dishing because the decrease of load on the particle. Thus the chemical effect of
altering the hardness of surface material is not significant to the reduction of Cu dishing rate.
On contrary, the pressure distribution is more uniform. It does not change much with the
increase of dishing because the pad can conform with dished surfaces. Thus the change of
surface properties by chemistry can change the rate of dishing, similar to the results observed
on the blanket wafer. More discussion about process optimization by tailoring the slurry
chemistry is given in Section 5.5.
188
1000
800 t
E
c
c0
0
600 [
400 [
200[
0 2 4 6 8 10
Time, min
Figure 5.10 Time evolution of Cu dishing for patterns with constant linewidth (w = 0.5 4m)
and various area fraction (w/A).
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5.4.3 Oxide Overpolishing. Oxide overpolishing starts at the onset when the Cu layer
is polished through. Different patterns on the die take from three to four minutes of polishing.
Figure 5.12 shows the amount of oxide overpolishing versus the polishing time for constant
linewidth of 0.5 pm. The amount of overpolishing increases with overpolishing time. The
overpolishing rate increases with pattern area fraction. For small area fraction, such as 0.01,
0.05, and 0.125, the rate of overpolishing is similar to the rate of blanket oxide polishing. For
area with larger area fraction, such as 0.25 and 0.5, the rate of overpolishing increases with
area fraction. Figure 5.13 shows the comparisons between analytical and experimental results
for the effect of area fraction on the rate of overpolishing. The solid line represents the
analytical results of Eq. (5.10) with blanket polishing of Cu and oxide at 270 and 26 nm/min,
respectively. The experimental results agree with the model well, especially when the area
fraction is less than 0.25. For higher area fraction like 0.5, the rate is higher than that
predicted by the model. A possible explanation for this discrepancy is that the slurry transfers
more efficiently at the interface on a dense pattern area than that on a blanket area or a less
dense area. The surface features may help dispense slurry locally. The dished Cu recesses
will improve the intrinsic rates of material removal of Cu and oxide and thus increase the rate
of overpolishing.
Figures 5.14 and 5.15 show oxide overpolishing of various patterns with different
linewidths and constant area fractions of 0.5 and 0.01, respectively. Overpolishing does not
strongly depend on the linewidth for either small or large area fraction. In the case of area
fraction 0.5, the rate of overpolishing is about 100 nm/min, for linewidths ranging from 0.5 to
100 nm. For small area fraction of 0.01, which mimics the area with isolated interconnects on
the surface, the oxide overpolishing rate is very close to the blanket rate of oxide polishing for
linewidths ranging from 0.5 to 5 nm. This implies that scaling does not significantly change
the pressure distribution on both Cu and oxide. The pressure distribution on the surface
during the overpolishing stage essentially is affected by the area fraction only. The average
material removal rate across a sub-die area is constrained by the oxide overpolishing rate,
which depends on the area fraction of pattern. The pressure distribution on each sub-die area
will be similar and close to the average pressure applied on the wafer, which verifies the
assumption employed in Section 5.2.
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Figure 5.12 Oxide overpolishing for patterns with constant linewidth (w = 0.5 gm) and
various area fraction (w/A).
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overpolishing for various pattern with constant linewidth 0.5 pm and various area fraction.
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Figure 5.14 Time evolution of Cu dishing for patterns with constant area fraction 0.5 (wA =
0.5) and various linewidths.
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Figure 5.15 Oxide overpolishing for patterns with constant area fraction (w/ = 0.01) and
various linewidths.
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Figures 5.14 and 5.15 show the oxide overpolishing rate to be smaller at the early stage of
overpolishing before the steady-state regime. This may be explained by the variation of
pressure distribution on both the Cu and oxide surface during overpolishing. Consider the
case in which the surface is planar when the Cu is just cleared. The pressure is distributed
uniformly on both Cu and oxide surfaces. Because the Cu dishes and the surface
nonuniformity increases, the pressure on the Cu will decrease because the pad might slightly
deformed into the dished area to relax stresses on the contacting surface. Based on force
equilibrium, the load on the oxide might increase and thus the MRR increase until it reaches a
steady value. The MRR of oxide is bounded by the steady-state rate given by Eq. (5.10) and
by the blanket rate (at the stage at which the surface is planar).
5.5 Discussion: Process Optimization
The effects of Cu pattern geometry on the MRR in the planarization stage and on dishing
and oxide overpolishing has been studied earlier. The prior analytical and experimental
results not only help understand the fundamental mechanisms of patterned wafer polishing,
but also provide an opportunity to improve the process outcomes. In Cu CMP, there are two
important process requirements within a die area: remaining Cu interconnect thickness and its
within-die uniformity (which also represents the variation of the surface topography). The
remaining Cu thickness at any point (at a randomly chosen point k in the j-th subdie region of
the i-th die of the wafer) can be expressed as:
hij) = ho -pl + + i + rkOi)) (5.12)
where ho is the initial designed thickness of the Cu interconnect which is the same as the
depth of the oxide trench, pi the mean of oxide overpolishing on a specific die i, @(i) the
deviation of the amount of oxide overpolishing from pi on the subdie area j (with the same
pattern geometry) on the die i. Therefore, the amount of Cu loss due to overpolishing is the
sum of pi and 4(i). Also in Eq. (5.12), 3 j(i) is the amount of dishing on the subdie areaj on the
die i, and rTk(ij) the random error at a specific point k in the subdie area j on the die i. The
random error for each observation in the subdie area is estimated by randomly choosing n
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replicants of Cu interconnect thickness. If a specific subdie with repeat features is large
enough, i.e., the different pattern of neighboring sub-die will not affect the pressure
distribution and slurry flow in most of the subdie area, the random error represents the error
form measurement and other random factors. The intention of employing Eq. (5.12) is to just
help identify the effects of each geometry or process parameters for process optimization.
Each variable on the right-hand-side of Eq. (5.12) must be minimized, both mean and
variance, to minimize the Cu loss. The mean of oxide overpolishing, pi, is affected by the
average Cu area fraction and increases with overpolishing time. Its variance across a wafer
increases with the increase of within-wafer polishing non-uniformity, which is determined by
the global (wafer-scale) factors such as wafer/pad contact conditions, slurry dispensing, and
pad stiffness (as discussed in Chapter 4). In practice, the average area fraction is limited to
0.3 to 0.5 and does not vary too much for similar IC products. Thus minimization of Y, relies
mostly on the reduction of within-wafer polishing non-uniformity so that the overpolishing
time required to remove the excess Cu at different dies can be minimized. Detailed schemes
of reducing within-wafer nonuniformity can be found in Section 2.4.4.
Equation (5.12) suggests that the rate of overpolishing, 94ldt, due to the local pattern
layout in the subdie area is determined by the wear coefficient, Cu area fraction, and the
hardness of both Cu and oxide. The arrangement of the subdie area fraction is usually
prescribed by the circuit designers and cannot be changed. To minimize the effects of pattern
local layout on overpolishing, d4/dt must be adjusted to be as low as possible and/or less
sensitive to the local geometry variation in the final polishing stage (or after the onset of
overpolishing). The overpolishing rate decreases with the wear coefficient. One efficient way
is to employ soft abrasive particles, in which the hardness of the abrasive is close to ILD
oxide but still higher than that of Cu. Less overpolishing will occur even when the same
overpolishing time needed to clean up excess Cu. Another method is to increase the hardness
of Cu or reduce the oxide hardness (essentially reducing the ratio of Cu MRR to oxide MRR,
or the so-called selectivity) by tailoring the slurry pH and chemistry. This will reduce the
sensitivity to area fraction variation on the variation of overpolishing rate (or the variation of
the "relative hardness" across different subdies). Reducing the oxide hardness by increasing
slurry pH (but no too high to retard the Cu removal) is better than increasing the Cu hardness
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because the overpolishing time will not increase. However, an end-point detection scheme
must be adopted because the oxide is overpolished at a much faster rate.
Dishing is strongly related to the Cu linewidth. For sub-micron lines, the rate of dishing is
very low (close to oxide blanket rate and insensitive to the slurry chemistry). The steady-
state dishing is very small. The effects of dishing on the Cu loss and surface non-uniformity
may be negligible for current and future circuit designs. However, for some designs with
large metal pad or wide power transmission lines, 50-100 gm wide, the dishing rate is close
to that in blanket polishing. In these cases, dishing results in Cu loss and surface non-
uniformity. It might be necessary to increase the Young's modulus of the pad to reduce the
pad indentation or to employ a slightly basic slurry to retard Cu polishing rate without
increasing the oxide overpolishing rate.
5.6 Conclusions
Both analytical and experimental studies on Cu dishing and oxide overpolishing were
presented in this chapter. The following conclusions can be drawn:
(I) The steady-state overpolishing and dishing were modeled. The MRR in a subdie area
(with same pattern geometry) is related to the "apparent hardness" of that area. Both area
fraction and the material hardnesses (Cu and oxide) will affect the polishing uniformity
across different pattern regions in the die. The die-scale surface nonuniformity and the
variance of remaining Cu thickness will increase with overpolishing time before reaching
the steady state.
(2) Experiments were conducted on patterned Cu wafers. The pattern, with minimum
dimension 0.5 pm, was designed to study the effects of linewidth, area fraction and scaling
effect. The results agree with trends shown by contact mechanics modeling. The initial
topography is planarized quickly and the time variation for different pattern (A, ranging
from 0.01 to 0.5) to reach planar surface is about 1 minute. After the surface has been
planarized, the remaining Cu is removed at a rate close to blanket polishing rate. The
surface variation will remain until part of the Cu is polished through in some subdie areas.
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(3) After the Cu is cleared, the surface nonuniformity increases because of dishing and
overpolishing. Experiments show that linewidth is an important gZometrical parameter for
dishing. For thin lines, less than 1 pm, the dishing rate is close to oxide blanket rate and
might reach a steady-state profile after a short period of overpolishing. For wider lines,
about 50 to 100 pm, the Cu is dished at a rate close to the blanket rate. Compared with the
results with chemical slurry in the literature, the slurry pH and chemicals do not increase
the amount or rate of dishing for small lines but might retard the dishing of wider lines.
This implies that the load distribution due to the deformation of the pad and mechanical
action of the particles play an important role in Cu dishing, especially for small lines.
(4) Compared to dishing, oxide overpolishing depends more on pattern area flaction than on
linewidth. Overpolishing reaches a steady-state rate after a short period. The steady-state
rate of overpolishing depends on the apparent hardness and the intrinsic wear coefficients
of Cu and oxide. Experiments show that for a pattern with large fraction, the
overpolishing rate may increase over that predicted by the model due to the improvement
of slurry transport. Moreover, overpolishing does not depend on linewidth significantly.
When the device scale shrinks down, the within-die nonuniformity will cause by the
overpolishing but not dishing if a large variation area fraction is shown on pattern layout.
(5) The objectives of process optimization are to maximize Cu removal rate and to reduce
surface nonunifomity due to dishing and overpolishing. The key is to reduce oxide
overpolishing and to minimize the variance of dishing and overpolishing resulting from
the effects of different area fraction and linewidth. The surface topography will not be
uneven even with a short period of overpolishing. A SiO, abrasive or other particles with
hardness close to the ILD silicon oxide should reduce the oxide polishing rate and increase
the polishing selectivity between Cu and oxide. For patterns with wide Cu lines, dishing
rate can be decreased by a stiff pad and by a slightly basic slurry.
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Nomenclature
Af = area fraction of metal pattern
H = hardness of coating material (N/M 2)
H' = apparent hardness of a composite surface (N/M 2)
h = thickness of the material removed on wafer surface (m)
h = initial coating thickness (m)
k= Preston constant (m2/N)
k= wear coefficient
AV = nominal pressure on wafer (N/M2)
~P = average pressure on a pattern (N/m 2)
r = random error in thickness measurement (m)
t = experiment duration (s)
t*= overpolishing duration (s)
VR = relative linear velocity of wafer (m/s)
w = pattern linewidth (m)
x, y, z = Cartesian coordinates ( m)
Ah = oxide overpolishing (m)
5 = Cu dishing (m)
A = pattern pitch (m)
Ii = average overpolishing on a die
* = dimensionless geometrical function
V = Poisson's ratio
= deviation of overpolishing on the specific pattern from average overpolishing
on a die (m)
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CHAPTER 6
IN SITU SENSING AND ENDPOINT DETECTION IN
COPPER CMP
This chapter presents an in situ sensing technique for monitoring the polishing state and
for detecting process endpoint for Cu CMP. An optical reflectance sensor with a spectral
distribution ranging from 775 nm to 990 nm is employed on a rotary polishing tool to measure
the surface reflectance of patterned Cu wafers. Theories of reflectance related to surface
topography and surface composed of various coating materials are proposed. Sensor
kinematics is studied to design the loci and to map the sampled data onto the wafer surface to
gain both global and local information of the surface. Additionally, statistical models are
developed to determine the surface condition based on the characteristics of the sample
reflectance data. A nested variance model is proposed to decouple the variance components
of within-wafer and within-die nonuniformity. This information may be employed to control
the process parameters to improve the material removal rate and the within-wafer uniformity.
Algorithms based on the changes in mean, variance, range, and distribution of the surface
reflectance are examined for their effectiveness in process monitoring and endpoint detection.
Experiments are also performed to validate these schemes.
6.1 Introduction
The copper damascene process is emerging as a crucial technology to produce high-speed,
high-performance, and low energy-consuming Ultra-Large-Scale Integrated (ULSI) circuits.
In Cu damascene, the CMP process removes excess Cu and barrier materials (typically Ta, Ti,
TaN or TiN) to form interconnects inside the trenches in the inter-layer dielectric (ILD,
typically SiO 2 or polymers). The MRR of Cu strongly depends on the pattern geometry
(Steigerwald et al., 1994, Park et al., 1999). The nonuniform pattern layout usually causes
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nonuniform polishing across the die area. It results in partial overpolishing of the region with
higher Cu area fraction and dishing of the soft Cu lines. The Cu loss and surface
nonuniformity due to overpolishing and dishing may affect the reliability and performance of
interconnects and so must be minimized. Additionally the spatial variation of the process
parameters (velocity, pressure, slurry transport, etc.) and the process random variation will
increase the within-wafer and within-lot nonuniformity (Smith et al., 1996; Litvak and Tzeng,
1996). These will vary the cycle time, or the endpoint, of the Cu CMP and affect the process
yield. In order to reduce the variance of polishing outputs (uniformity, overpolishing and
dishing), it is necessary to integrate an in situ sensing and endpoint detection technique with
the process optimization schemes to improve process performance.
The ideal wafer-level endpoint for copper CMP process may be defined as the time when
the excess Cu and barrier layers are fully cleared on all dies of a wafer. Due to polishing
nonuniformity, however, all the dies on a wafer generally will not reach the endpoint at the
same moment. Some of the dies may be overpolished. Thus the endpoint of CMP can be a
representation of the optimal polishing time when the number of out-of-specification dies
(either under- or over-polished) reaches a minimum and the process yield is maximized.
However, the remaining Cu thickness in each die area is difficult to measure in real-time to
determine the endpoint. Many of the present in situ sensing techniques rely on indirect
methods to detect the moment of Cu/barrier clear-up, such as the changes in the friction force,
the ion concentrations of the Cu/barrier materials, and the electrical impedance of the surface
(Sandhu et al., 1991; Schultz, 1992; Leach et al., 1993; Litvak et al., 1996; Murarka et al.,
1997; Bibby and Holland, 1998; Beckage et al., 1999; Stien and Hetherington, 1999).
However, these methods are limited in practical applications by lack of reliability and high
noise-to-signal ratio. Moreover, these techniques provide only average information over a
relative large area (usually wafer-level). They lack the capability of sensing within-wafer and
die-level uniformity. These methods can best be used as supplementary methods in ensuring
the detection of endpoint.
A photoacoustic technique for thickness measurement of multi-layer stacked films has
recently been proposed (Rogers et al., 1997; Banet et al., 1998; Joffe et al., 1999). Two
optical excitation pulses overlap on the surface of the coating to form an interference pattern.
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Absorption of light by the film generates counter-propagating acoustic waves. The film
thickness can be calculated by measuring the acoustic frequency. However, this method is
limited to a blanket area with the dimensions much larger than the beam size. It is difficult to
model the generation and the propagation of the acoustic wave in thin Cu film on the
patterned area. Hence, this method is currently used for the measurements for blanket wafers
or large patterns which can be simulated as blanket areas.
Among all the available endpoint detection techniques, the optical sensing techniques of
interferometry and reflectance measurement provide the localized means for detecting the
endpoint (Bakin et al., 1998; Chan et al., 1998; Fang et al., 1998; Bibby et al., 1999, Nam,
2000). The interferometry technique measures the film thickness based on the interference of
light from the surface and the underlying layers. This is suitable for measuring transparent
films such as dielectric layers, but not effective for opaque metal films. By contrast, the
reflectance measurement is ideal for detecting the surface topography and the metal area
fraction on the surface. The surface condition in polishing and the process endpoint may be
determined by analyzing the measured data. Polishing through the Cu layer sharply reduces
the intensity of reflecting light due to a substantial difference in the reflectance of Cu and
SiO,. The extent of Cu remaining on the detected subdie area can be determined and mapped
by moving a small beam light source across the wafer. Moreover, it may also be possible to
gain information on surface planarity and dishing by this metrology because the reflectance of
patterned surface is influenced by the topography of the pattern (Rayleigh, 1907; Eckart,
1933; Beckmann and Spizzichino, 1963; Uretsky, 1965; Zipin, 1966; Desanto, 1975 and
1981; Bahar, 1981).
Several issues must be resolved to fully utilize the reflectance measurement technique.
The signal from the sensor cannot be unambiguously interpreted because it contains both
systematic and random attributes of the surface condition of the polished surface and the
polishing environment. The reflectance varies across the wafer due to the nonuniform pattern
layout and within-wafer nonuniform polishing. These effects must be decoupled to gain
information for polishing uniformity control. The effects of light scattering due to slurry
particles and the increase of surface roughness and the diffraction effect from the submicron
features must also be understood. That will help to analyze the measured data and decompose
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the " noise-like" signal to reveal the true process endpoint. In addition to the interpretation of
the signal, the sensor kinematics must be studied to map the data onto the wafer surface to
gain both wafer- and die-level information. An adequate spatial resolution for indicating local
conditions can be achieved through sensor trajectory design. Such information will increase
the confidence level of interference about the wafer surface condition, and will lead to a more
accurate and repeatable decision-making for the endpoint detection.
This chapter employs the reflectance measurement technique on both blanket and
patterned Cu wafers. It examines the feasibility of in situ sensing in Cu CMP. Theories
relating the reflectance to both surface topography and the existence of materials with
different reflection coefficients are proposed and verified by experiments. Sensor kinematics
is studied to design the loci and sampling plan for the surface condition. A statistical model is
developed to decouple the variation of the surface reflectance and to estimate the variance
components contributed by nonuniform polishing due to pattern variation and within-wafer
nonuniform polishing. Algorithms for utilizing those two techniques in process endpoint
monitoring and control are also discussed.
6.2 Theory
6.2.1 Light Scattering from a Periodic Surface Structure. The scattering of light by a
periodic wavy surface has been investigated by many researchers (Rayleigh, 1907; Eckart,
1933; Beckmann and Spizzichino, 1963; Uretsky, 1965; Desanto. 1975 and 1981). This
section reviews important formulations and their solutions to understand the effects of pattern
geometry on surface reflectance by scattering. Consider the problem of plane wave being
scattering by a periodic surface S. where z = h(x), as shown in Fig. 6.1 (a). Let E, and E,
denote the incident and scattered fields. The incident light (electric) field E,, assumed to be
unit amplitude, can be expressed as:
El = cxp[i(k, sin (,x - k, cosOz) - iox]; (6.1)
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Figure 6.1 Schematics of light scattering on a patterned Cu surface.
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where k, is the wave number of the incident light wave (k, = 2r/A), 0, the incident angle, o
the angular frequency (o = 2rf), and t the time. If just the scattered field at a fixed time is of
interest, the exp(-ior) can be suppressed. The scattered field E at any point P of observation
above the surface is given by the Holmholtz integral (Beckmann, 1963):
E2 (P)=IJJ(E - w!?i}s (6.2)
with:
V=exp(ik 2r)/r (6.3)
where r is the distance between the given observation point P and any point on the surface (x,
h(x)), and k2 is the wave number of the scattered wave (k2 =k, = 21r/l). The point P is
assumed in the Fraunhofer zone, i.e. r - oo, to focus on the plane scattered waves rather than
spherical ones. In order to solve the scattered field E, in Eq. (6.2), the total field E and its
normal derivative dE/dn on the boundary surface can be approximated as ("Kirchhoff's
method"):
(E)s = (l+ y)E1  (6.4)
and:
CE s=(l-fy)E(k
1I- n)
an s
= (I-y)E(k, sin,-dM) -k, cos6 1 ) (6.5)
dx
where y is the reflection coefficient of a planar surface and n is the unit vector normal to the
surface at the point of interest. The reflection coefficient y depends not only on the local
angle of incidence and the electrical properties of the surface material but also on the
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polarization of the incident wave. For simplicity, the surface is assumed to be perfectly
conducting, i.e., y = -1 for a horizontal polarization (electric vector perpendicular to the
incident plane) for the following analysis.
Equation (6.2) can be integrated over a specified periodic surface profile, such as a
sinusoidal surface pattern:
z = h(x) = (Ah)cos(2nx /A) (6.6)
where Ah is the half step-height and A the pitch of the features. The scattered field will also
follow the same period A along the x direction, which simplifies the integral in Eq. (6.2) by
integrating within one period instead of over the entire surface. Moreover, the periodicity of
the surface topography implies that the scattered field can be written as a superposition of the
Fourier series representing the plane waves at different modes, in which the reflective
(scattering) angle of each mode 0,m follows the relation (grating equation).
sin,, =sinO 1,+mA/A (m=0, 1, 2,...) (6.7)
The zero mode represents the condition of specular reflection, in which 12 = 6,, and the
direction of the scattered plane wave will be away from the specular angle for larger m. The
solution for the scattered field in the primary direction of each mode 6, at the far field can be
obtained by applying Eqs. (6.3), (6.4), (6.5), (6,6), and (6.7) into Eq. (6.2) and performing
integration over the surface (-L ic L). The reflection coefficient y is written as a function of
optical properties of the coating and the local angle of incidence to calculate the integration.
The result can be normalized by the field reflected on a specular planar surface E, which
defines the scattering coefficient 0 (=E/E,), and can be written as (Beckmann, 1963):
= l cos(O1 +Q2 )(6,,,.) =-secO, "cos + m)(-i)"J,(s)+ C,(n,) (6.8)
COSO, + COS02,,
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where J is the Bessel function, s = 2nAh /A(cos6, +cos62), and n, the residual parts of the
ratio 1/A. Equation (6.8) only gives the scattering coefficient at the primary scattering angle
of each mode. For 6,, the result is given as
(662) sin 2npr sec6 +cos(6 +2) e-P* e (s)+ sin p e '~""""dt + C2(n)2n sin pr 1Cos60 1+ Cos60 2  7[-P1
(6.9)
where p = (LU)(sin6, - sin62), s = 22rAh / A(cos6, + cos 62) and nthe integer parts of the ratio
1.A. In the far field (Fraunhofer zone, i.e. r -> oo), only one mode of scattered plane wave
can be observed at the given point P (in the direction of 62), as shown in Fig. 6.1 (b). As
shown in Fig. 6.1 (c) in the near field, or the Fresnel zone, the total scattered field at P,
normalized by E,,, is given by superposing all the scattering modes contributed from the
neighboring periodic surface. Both the amplitude and the direction of each mode, given by
Eqs. (6.8) and (6.9) and the phase difference between each mode, must be considered in
calculating the total scattered field. In practice, the calculation of the total scattered field may
be complicated and may need to be performed numerically for the sensor located near the
measured surface. Diffusion scattering takes place when the AhIA ratio increases with
constant pitch A (Brekhovskikh, 1952). Light will be scattered away from the direction of
specular reflection, i.e., light is reflected into the direction of higher scattered modes (larger
m) and will not be received by the sensor. Therefore the surface reflectance, which is
proportional to the square of amplitude of the reflecting field, decreases with the step-height
of the feature 2Ah with Ah comparable or larger than the wavelength of incident light. On the
contrary, when the surface is planar, i.e. Ah ~ 0, the surface reflectance will be close to that of
a specular surface. Moreover, based on the law of energy conservation, the overall scattering
coefficient 0 should be always equal or less than unity.
The number of possible modes m for the scattering field is limited by the condition that
a, = sin6, is less than unity. If 2x/kL (or AlL) is close to unity, i.e., the wavelength of the
incident light is close to the waviness of the pattern, there will be only one mode and the
surface will reflect specularly regardless of the surface topography. For the submicron Cu
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patterns employed in the current design, the reflectance measured at the onset of the process
endpoint by a light source with comparable or larger wavelength will essentially indicate the
Cu area fraction only. The slight surface topography due to overpolishing and dishing will
not significantly affect the reflectance. As shown in Fig. 6.2, the surface reflectance R,
proportional to the square of the reflection coefficient, of the composite surface at the onset of
endpoint therefore can be written as:
R = ARcu +(1- Af )ROxide (6.10)
where Af is the area fraction of Cu interconnects, and R, and Rxd, the reflectances of Cu and
TEOS, respectively, in specular reflection.
6.2.2 Sensor Kinematics. The sensor loci on the rotating wafer surface can be
determined by the relative velocity of the sensor to the wafer and the initial position of the
sensor, as shown in Fig. 6.3. The relative velocity of the sensor on the rotating wafer can be
obtained by two steps: find the relative velocity of the sensor to the stationary X, Y
coordinates fixed at the center of the wafer and then perform a coordinate transformation with
respect to the wafer rotation. The velocity components for the sensor, vx,, and v,,, and the
wafer, vx,,,, and vy, in X, Y coordinates can be expressed as:
vX , -r-p sin(o)Pt + 00 ) - Cc (6.11la)
v =rJ, cos(w)t +0) (6.1 lb)
and:
vs, =-rp, sin6 (6.12a)
VY, = jw(r cos6 - rc) (6.12b)
where r, is the offset of the sensor from the center of the platen, rcc the offset of the centers of
the wafer and the platen, ak and a, are the angular velocity of the wafer and the platen, and 6
the angle of the sensor with respect to the X coordinate. In addition to wafer rotation, the
wafer may translate relative to the platen center, so called sweeping, with a velocity icc to
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Figure 6.2 Schematics of light scattering from (a) a planar composite surface, and (b) a wavy
composite surface.
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Figure 6.3 Sensor kinematics.
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utilize the entire pad surface. For simplicity, the sweeping is assumed to be along the X
coordinate only. Therefore, the components of the relative velocity of the sensor to the wafer,
vXR and vYR, in X, Y coordinates can be written as:
VX,R X S X- w [-i sin(w)t + 60) - iI + rcc sin
=-r(o, - ww)sin(w)t+0 0)-ic (6.13a)
and:
VY,R =Y'S - = rp( cos(w t + ) - w cos6 - rcc)
= O ), , - +0 )+ rC (6.13b)
These velocity components can also be represented in terms of a rotating coordinate
system (x, y), with the origin located at the center of the wafer and rotating at the same angular
velocity ), as the wafer. The velocity components on the rotating coordinates, VxR and VYR, are
given by the coordinate transformation rule:
VxR 1 oswt sin w t ][v
vy,R J -sin w Cos wt ]Y,R
and can be written as:
Vx,R s (w - Ow sin((w p -w)t+ 0) + scc in w - cc Coswt (6.15a)
Vy,R s p( w -O )cos((cw c scc wwt (6.15b)
Therefore, the displacement of the sensor on the wafer with respect to the rotating x, y
coordinates is given by integrating the velocity in Eqs. (6.15a) and (6.15b):
X = vx,Rdt
-r sin[((, -ww)t +Odt +ow rcc sin wwtdt -f*CC coscowtdt (6.16a)
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Y = fVy,Rdt
= r,(w, - co) cos [((O - cO)t +00 ]dt + o, fr, coso,tdt + fit sin Wmtdt (6.16b)
The initial condition must be prescribed to solve Eqs. (6.16a) and (6.16b) for the
position of the sensor on the wafer surface at a given time. It is convenient to assume that the
sensor is initially located at the edge the wafer, with a initial angle 6 with respect to the fixed
X coordinate. For simplicity, it is also assumed that no sweeping motion occurs in polishing,
i.e., *,, =0. In practice, the effect of sweeping motion on the sensor trajectory across the
wafer can be neglected if the sweeping velocity is much lower than the liner velocities of the
wafer relative to the pad. With those assumptions, the position of the sensor on the wafer can
be expressed as:
x = r, cos[(o, - CO)t + 60- r cos-Wt (6.17a)
y = r, sin[((O, -w,)t +00 ]+ r sin cot (6.17b)
As long as the condition x2+y 2 < r, (where r, is the radius of the wafer) is satisfied, the sensor
is located inside the wafer/pad contact interface. Because the wafer is against the platen in
polishing, the sensor trajectory given in Eqs. (6.16) and (6.17) is observed from the wafer
backside. The trajectory on the front surface is symmetric to the results from Eqs. (6.16) and
(6.17) with respect to the y axis.
When the angular velocities of the wafer and the platen are equal, i.e. w, = 0),, Eqs.
(6.17a) and (6.17b) can be further simplified and the locus of the sensor is an arc with the
radius equals to rCC and centered at (rcos, rsin,) relative to the rotating x, y coordinates:
(x - r cosQO) 2 +(y - r, sin 0) 2 = rec 2  (6.18)
When the angular velocities of the wafer and the platen are the same, the sensor enters the
wafer/pad interface at the same point on the periphery of the wafer. It always produces the
same locus on the wafer surface, as shown in Fig. 6.4. In practice, the angular velocity of the
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Figure 6.4 The simulated locus for the reflectance sensor across the wafer at the condition
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wafer must be slightly offset from the platen so that the sensor can scan over the entire wafer
surface in different radial directions. Figure 6.5 shows the sensor loci for the conditions 0o, =
1.05 a and r, = r., in which 20 identical loci start from 20 equally spaced points on the
periphery of the wafer edge, respectively and repeatedly, if no wafer slippage occurs. As
illustrated, the sampling density will be much higher at the center of the wafer, and lower at
the edge where more dies are located. The lower sampling density on the edge dies might
result in bias inference for the overall surface condition. How to design sensor loci to sample
enough data on a desired surface area will be discussed later in detail.
6.2.3 Statistical Treatment of the Sampled Data. The surface conditions of the wafer
during polishing can be extracted from the real-time reflectance data. The statistics used to
infer the surface conditions include the maximum and minimum reflectance values, the range,
the mean value, the variation, the shape of the distribution of the reflectance data, etc. Three
levels, wafer-, die- and device- or subdie-level, of information can be obtained from the
dataset. The spot size of the sensor is chosen so that it is comparable to or smaller than the
subdie area but still much larger than the dimensions of interconnects. Therefore, an
individual measurement represents the reflectance on the specific device or pattern area on the
wafer, from which the surface topography and Cu area fraction can be inferred. It is difficult
to map the measurement results onto the exact location of a particular device or pattern
because of wafer slippage inside the carrier. The individual datum can only be mapped onto
the surface within a grossly defined area. Similarly, the die-level information may be
obtained along a specific segment(s) corresponding to the die location on the loci. However,
it may only roughly represent the surface condition within the vicinity of the interested die
region. Polishing results for the dies at the same radial distance from the wafer center very
often exhibit similar trends. Hence, data from within adjacent dies at the same radius
sometimes may be combined to increase the sample size for the die at a particular radius to
elucidate the spatial dependence of material removal in the radial direction.
Moreover, wafer-level information can be retrieved either from a single or multiple scans
across the wafers. In endpoint detection, it is preferable to take samples from multiple loci so
that the surface condition over a specific region or the entire wafer surface can be determined
216
50
goo -01 .00 -6 00 0 0* wow ', - low 6. goes*-
4._ 0 *6 00 00 *a
so to00 0 a 0 41tip 0 SIRE go so SO too 009 so **tg,,*gsoesgo 0:18 0: as 00 80 0, so is &*a
so Otto 4, oefto SOgoo to 0 so re. 0 000 tobE 00 *Is, .10: :: '. ." 0*00 ages Ono* so  e: 0 elb so 09600 0000" *0 000 0
0 000 '*0 vk' 4f is04D 00 0 00 00 0 a 4 0;04 4000a 0 00 00 00 *a 00 so go 804%2 04, so go 4b 3*060 5P... :00 6 0 0 4
4,40 goo go 60 & . , %890 *00 of
00 so 00 0 0 *0 0*00
ego a * a 00 :049 00*9 so 
to a 0
" 0 to p 6 
,,, 0*0 0
Is of Goo,
_ 6 ;..a* , goo of o 6 00 00 a $9.
go S.C.- 
0 & 0 O'D
0 at d 0 : a 
a 00
0 a 00 go so % % a
a 0 01 0 0 a 0 0 0,10ego* 00 0 0 lobSo so 400 go a O'o 0 0 J to 0,
ft 0 * 0 * 0
: : 46' 0 0 a a00 0 $0 0 0 0 y 0
00 00
is
as 
00 Sog as 004,00 
0. 
to.or 
000
.F 60 so a 00 410 :0481 6
00 Pe 0 9 00 40
-. ' -- 0. see
0
00 00 0.
so 0
00
10 a *6
0 so Is
Ole 0 *0 0,
as go 0
: 01 0. :
%00
-50
-50 0 50
XIMM
Figure 6.5 The simulated locus for the reflectance sensor across the wafer at the condition
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from the pooled dataset. The more loci employed, the larger, more uniform samples can be
taken. Therefore, a higher level of inference can be achieved. However, there is a possibility
that the surface condition may change significantly during the long sampling period needed
for multiple scans. This may affect the reliability of the inference and will delay decision
making and feedback control. The moving average method is used to estimate the average
reflectance on the surface to eliminate this problem. The sensor scans the wafer surface once
per platen revolution. If the reflectance sampled at the j-th point along the locus at the i-th
time period, each time period is equal to the duration for one revolution of the platen, denoted
as xU. If total n points are taken along each locus, the mean reflectance along the locus at the i-
th period, ,, is:
1
=- (6.19)
nJ=
Suppose the number of loci to cover the entire wafer surface or a area of interest is w, the
moving average of the sampling reflectance at the i-th period, M, is defined as:
M, - ' i- i+ - -- +i (6.20)
That is, at the i-th time period, the observations from the newest one scan and the previous
(w-1) scans are employed to estimate the mean reflectance of the entire wafer or the surface of
interest. Thus, the surface condition as inferred from the reflectance measurements can be
updated every scan. For example, the sensor takes about 10 scans to cover the wafer at the
condition of o., = 1.05w>. If the platen runs at 75 rpm, it takes 8 seconds to scan over the
entire wafer surface, in which the locus rotates 1800 relative to the wafer, and 16 seconds to
rotate back to the first locus. The moving average can capture the change of surface
reflectance due to both the change of surface topography and the change of Cu area fraction
within a short period, in this case in less than one second. However, it may still smooth over
the rapid change due to the partial oxide exposure on small portions of the wafer surface near
the onset of endpoint by averaging the current data with the previous data (which is taken in 8
seconds in the example).
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2The total variance of the surface reflectance at i-th time period,S, , can be estimated based
on the same pooled dataset employed in the moving average:
XY(x0 -Mi) 2
ei2 = i-w+1 j=I 6.1
= ~ N-i(6.21)
where N is the total number of samples in the moving average subset (N = wn). The total
variance is calculated based on the deviation of the reflectance at each sampling point relative
to the total estimated mean of the surface of interest, as estimated by the moving average. In
addition to the total variance, the variance along each locus, the range of data, and their
maximum and minimum must be tracked to identify the rapid change of surface reflectance at
the moment when the barrier or oxide layer is exposed. The variance can determine the
percent of overpolished area on the wafer surface at the end of the process. Additionally, the
distribution of the data can determine the regime of polishing. For example, the skewness of
the data distribution in polishing can be compared with the theoretical value at endpoint,
which can be estimated based on the given pattern layout and sensor kinematics. The
definition of skewness # can be found in many statistics texts. It may be defined as (Sachs,
1982):
/3= (6.22)
S
where T is the mean, i the median and S the sample standard deviation of the selected
dataset, which can be estimated from one locus or multiple loci, and calculated from Eqs.
(6.19), (6.20), and (6.21). These statistics can apply to the die-level estimation of surface
condition. For instance, data taken within a specific range of radius (an annulus) can be
combined. The same statistical methods can estimate the surface reflectance over the specific
area. The effectiveness of each of these methods on endpoint detection will be examined in
Section 6.5.3.
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6.3 Experimental
An optical sensor unit (Philtec D64) comprising of light-emitting diodes (LEDs), bundled
glass fibers for light transmission and receiving, and an amplifier detected the conditions of
the wafer surface based on surface reflectance. Table 6.1 lists the specifications of the sensor.
As shown in Fig. 6.6, the wavelength of the LED light source ranges from 775 nm to 990 nm,
with a mean around 880 nm and standard deviation about 60 nm. At the sensor tip, the
uncollimated light rays diverge outward from the transmit fibers, and only the reflected light
within the area with the same diameter, about 1.6 mm, of fiber bundle is received. The spot
size was chosen so that it is small enough to detect different surface conditions on different
patterns (sub-die areas) on the wafer. However, it is larger than the individual line or feature
to even out the small variation of reflectance Jue to local (sub-device level) randomness of
material removal. Because of the divergence of the light beam, the sensor is sensitive to the
gap between the tip and the targeted surface. Figure 6.7 shows the characteristic of the sensor
output (reflectance) on a copper mirror surface corresponding to the gap distance. In practice,
the sensor was operated at a distance of around 5 mm so that the sensor response is less
sensitive to the slight change of gap distance during polishing or the surface waviness of the
wafer.
The sensor unit was installed on the platen base with the tip embedded inside a holder
through the platen. A translucent plastic window (Rodel JR111) allowed the sensor view the
wafer surface through the polyurethane polishing pad stacked on the platen. The material of
the window has similar wear properties as those of the pad so that the surface of the window
remained at the same level of the rest of the pad surface and did not affect the sensor
measurement or polishing uniformity. The sensor was linked to a power supply and a data
acquisition system via a rotary coupling. The output signal was amplified before the coupling
to enhance the signal-to-noise ratio. Additionally, an off-line set-up measured the surface
reflectance of the polished wafer. Two rotary stages with angle readings mimicked the
kinematics due to the rotation motion of the wafer carrier and the platen. The position of the
sensor on the wafer was determined from the angles of both the rotation of the wafer and the
sensor arm and the distance between the two centers of the rotary stages. Comparing the
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Table 6.1: Specifications of the reflectance sensor.
Item
Light Source
Wavelength (nm)
Spot Diameter (mm)
Light Beam Spread (0)
Operation Distance (mm)
Stability (%)
Frequency Response (kHz)
100
2430
W20
0
Specification
High Intensity LED
780-990 (p=880, a=50)
1.6
30
0-6.35
<0.1% full scale
<20
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Figure 6.6 The spectrum of the LED light source of the reflectance sensing system.
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Figure 6.7 The effect of the gap distance between the wafer surface and the fiber optics tip
on the sensor tip.
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measurements from this set-up with those from in situ sensing identified the effects of slurry
and wafer slippage on the reflectance sensing.
Both blanket and patterned Cu wafers were employed for experiments to verify the
capability of the sensor and to determine the detection schemes. The blanket Cu wafer was
composed of a 20 nm TaN barrier layer followed by a 1 pm thick PVD Cu coating on a Si
substrate. For the patterned wafer, a tested damascene structure was employed, which was
comprised of an array of line-spacing structures with different linewidths and pitches. A
detailed layout of the pattern can be found in Chapter 4. This pattern is transferred into a 1.5
pm thick TEOS coating with trenches etched to a depth of 1 pm on a 100 mm silicon
substrate. A 20 nm Ta layer followed by a 1 pm thick PVD Cu layer was deposited on the top
of the patterned oxide surface. Table 6.2 lists the experimental conditions.
6.4 Results
This section examines the experimental results of blanket and patterned Cu wafers to
investigate the characteristics of the reflectance sensing technique. The reflectance of a planar
Cu area measured in situ in polishing may deviate from its theoretical value due to surface
roughness, slurry particles, variation of gap between the wafer and the sensor in polishing, and
random noise. Variation of surface reflectance due to these effects is studied based on the
measurements in blanket wafer polishing. Additionally, the surface reflection in patterned
wafer polishing is affected by the surface topography in the planarization regime and by the
area fraction in the polishing regime, which significantly contributes to the variation of
measurements. Both off-line and in situ measurements were conducted to study the effects of
pattern geometry and Cu area fraction on the reflectance. These results are compared with the
reflectance from light scattering theory with the assumptions of single wavelength, plane
incident wave, and periodic surface structure. The characteristics of reflectance across a
desired area during polishing are examined to correlate the measurements with different
regimes of Cu CMP. These will help establish different schemes for in situ sensing and
endpoint detection.
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Table 6.2: Experimental conditions.
Experimental Parameters
Diameter of Wafer (mm)
Normal Load (N)
Normal Pressure (kPa)
Rotational Speed (rpm)
Linear Velocity (m/s)
Duration (min)
Sliding Distance (m)
Slurry Flow Rate (ml/min)
Abrasive
Abrasive Size (nm)
pH
Experimental Conditions
100
391
48
75
0.70
1-6
42 - 252
150
a-Al 203
300
7
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6.4.1 Tests on the Blanket Wafers. Figure 6.8 shows a typical result of surface
reflectance on a blanket Cu wafer during polishing. To elucidate the effects of slurry and
scratching, the normalized mean reflectance is defined as the average reflectance over ten
passes across the wafer divided by the reflectance on a scratch-free Cu wafer under the same
pressure condition (at the same gap between the wafer surface and the sensor). At the initial
stage, the reflectance was about 30% less than that without slurry. The light scattering from
slurry particles caused the reduction. Because the sensor was operated in the range within
which it is less sensitive to the change of gap distance, the decrease of reflectance was mainly
due to the particle scattering. The normalized mean reflectance gradually dropped by 0.1 to
about 0.6 after two minutes of polishing and the standard deviation increased slightly to about
0.02 from an initial small value. These observations suggest that the surface was roughened
due to abrasion. After two minutes, the variance of the surface reflectance increased without
significant change of the mean. Inspection of wafer surface at this stage indicated that a small
portion of the Cu was cleared and the less reflective TaN was exposed. Since the majority of
the surface was still covered with Cu, the mean did not drop significantly. The mean then
started to drop and the variance kept increasing with the increase of Cu clearing at about two
minutes and 30 seconds. The standard deviation started to decreasing and the mean gradually
reached a lower level until all the Cu was cleared, about six minutes. The harder TaN barrier
acted as a polishing stop and retained a low level of variance of surface reflectance after all
the Cu was removed. After one more minutes of overpolishing, the TaN was polished
through and the normalized mean reflectance decreased further to about 0.2 with the exposure
of Si substrate.
6.4.2 Off-Line Measurements on Patterned Wafers. Figures 6.9 and 6.10 show the
effects of surface topography on reflectance. These data were obtained off-line on patterns at
the center die with various linewidths between 0.5 and 100 gm and constant Cu area fractions
of 0.5 and 0.01, respectively. The normalized reflectance is defined as the ratio of the
measured reflectance on each sub-die to the reflectance of the unpolished blanket Cu surface.
Figure 6.11 shows the corresponding evolution of step-heights (= 2Ah) for these damascene
structures (sub-dies). Lower nominal pressure (28 kPa) and relative velocity (0.46 m/s) were
applied than those of the industrial practice. By six minutes, most of the high features were
removed and the surface was planarized. A thin, smooth Cu layer was left on the ILD
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Figure 6.8 The evolution of surface reflectance for the blanket wafer polishing.
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Figure 6.10 The results of off-line measurements at
patterns with 0.01 area fraction (wIA = 0.01).
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without being polished through. For patterns of 0.5 Cu area fraction, the initial variance of
the reflectance resulted from the variation of step-height and pitch on the surfaces of the
different sub-dies. The reflectance is mainly affected by the pitch (or linewidth) of the pattern
because the initial step-heights are close for the patterns with linewidth 2, 25 and 100 pm,
except that of the 0.5 pm structures. The smaller the pitch, the more light scatters on the
surface and reduces reflectance. This can be explained by the less reflective Cu surfaces on
low features due to the roughness from the deposition process. After two minutes of
polishing, the normalized reflectance decreased about 0.1. The surface roughness increased
by particle abrasion to contribute to the overall reduction of the surface reflectance. The
reflectance of the 0.5 pm line area, however, increased because the surface was mostly
planarized before two minutes.
The reflectance of each pattern increased gradually after the initial drop and then finally
reached a steady value due to the planarization of high features. This trend was prdicted by
Eq. (6.9) in Section 6.2.1. It can be numerically shown that the reflectance coefficients in Eq.
(6.9) at higher scattering mode (m >> 1) increase rapidly when Ah/A ratio increases (or the s
value increases). The detail scattering patterns calculated by this equation for 2rAh/A = 0.03,
0.1, 0.3, 1, 3, and 10 at various incident angles of light can be found in the literature
(Beckmann, 1963). Diffusion scattering takes place when the Ah/A ratio increases and less
reflecting light is received by the sensor. Light is more likely to scatter into the direction of
specular reflection to be received by the adjacent fibers when the step-height, 2Ah, decreases.
Therefore, the surface reflectance increases. As shown in Figs. 6.9 and 6.11, the step-heights
for various features were less than 100 nm after polishing for 5 minutes, and the normalized
surface reflectance for various features keeps at a similar steady level, about 0.85, on the
tested wafers. This implies that the optical sensing technique is less sensitive to the small
surface topography. The reflectance for the patterns of 0.01 Cu area fraction also dropped to
about 0.1 due to the increase of surface roughness. It then remained at the same level of 0.9
until the surface was planarized. Since the area fractions of low features of these patterns are
small. the surface reflectance is not significantly affected by the evolution of the pattern
topography. The measurements are similar to those on a blanket Cu surface.
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Figures 6.12 and 6.13 show the trend of surface reflectance of various patterns, with 0.5
and 0.01 Cu area fractions, in different process regimes -- planarization, polishing and
overpolishing. Figures 6.14 and 6.15 show the corresponding evolution of dishing. The
pressure and the velocity applied were close to the industrial practice of 48 kPa and 0.79 m/s.
In planarization regime, the surface topography of Cu layer was smoothed down quickly due
to the contact between the high features and the pad. Experiments showed that most of the
patterns on test wafers were planarized after one minute of polishing and the normalized
reflectance reached a similar level, about 0.9, for all patterns measured. Between one and
three minutes, the planar Cu layer was removed as that in blanket Cu polishing. In this
polishing regime, the normalized reflectance stayed the same, constant about 0.9, independent
of original pattern geometry. After about three minutes, the reflectance dropped significantly
and sharply because the Cu layer had been polished through and the less reflective underlying
oxide was partially exposed. The sub-die areas with higher Cu area fraction may have been
polished through faster because the planarization rate is dependent on the pattern geometry.
Figures. 6.12 and 6.13 show that the sub-die with high area fraction of 0.5 was polished
through first and the Ta barrier exposed after about two minutes. Concurrently, the
reflectance started to drop to about 0.8 when the Ta started to be exposed and then further
down to about 0.5 when the oxide surface was exposed at three minutes. Nevertheless, all
tested patterns seemed to reach the onset of oxide exposure between two and three minutes.
Oxide overpolishing occurred after the onset of oxide exposure. The reflectance kept
decreasing until all the excess Cu and barrier (Ta) materials were removed (i.e., process
endpoint), after about four minutes of polishing. After the endpoint, the reflectance remained
constant, regardless of the slight nonuniformity of topography due to dishing of the soft Cu
lines and rounding and overpolishing of the adjacent oxide regions. This again agrees with
the earlier results in that the employed sensing technique is insensitive to the small variation
of the step-height. Hence, the variation of the reflectance in this regime was mainly due to the
different area fraction of Cu interconnects. The areas with higher Cu area fraction are more
reflective. However, the experimental values were lower than the theoretical prediction of
reflectance for all patterns, especially for those with high area fractions. Equation (6.10)
predicts that the (normalized) reflectance is about 0.62 and 0.24 for the patterns with area
fractions of 0.5 and 0.01, respectively, in which the RTEO/RC, ratio of 0.23 is assumed based
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on the experimental measurement on blanket films. In reality, the light transmitted through
the oxide and reflected from the underlying Si substrate may be blocked by the Cu lines,
which decreases the intensity of reflected light from the oxide surface and reduces overall
reflectance of the sub-die. Additionally, scratches and less reflective Cu oxides (due to
corrosion) were found on the surfaces of Cu lines. These also reduced surface reflectance,
especially for the pattern with more Cu area fraction.
6.4.3 Off-Line Measurements Along the Sensor Loci. Figure 6.16 plots the off-line
measurements along different sensor loci in terms of the mean value and the standard
deviation. The wafer employed is the one shown in Section 6.4.2, polished for four minutes at
normal conditions, at which time the majority of dies were polished to the endpoint and some
may have been overpolished slightly. The loci follow the sensor trajectories in polishing at
the conditions of o, = w, and r, = r, in which the sensor travels along an arc of a radius r.
Loci across different radial directions were employed to elucidate the effects of different loci
on the statistics of the surface reflectance of the patterned wafer. The mean and the variance
of reflectance data across wafer varied with the orientation of the locus. The mean value
varied from 0.24 to 0.26 among the selected loci, compared with the average reflectance about
0.25 of the center die. The standard deviation varied between 1 and 1.2, compared with 1.8 in
the center die. The variations of the mean and standard deviation mainly resulted from the
different sensor loci due to the non-axial-symmetric pattern layout and from the within-wafer
nonuniform polishing. It is not uncommon that the within-wafer nonuniform polishing often
exhibits an axial symmetry, such as the "bull's eye effect" (Stine, 1997). Therefore, the
variations of reflectance between loci due to wafer-level nonuniformity may be comparable to
that of the pattern layout.
Figure 6.17 shows the mean and standard deviation of the reflectance of the center die and
across the wafer measured off-line at different polishing stages. The effect of different loci is
minimized by combining data from several loci, for instance from five loci evenly spaced
across the wafer in this case. The effect of within-wafer nonuniform polishing on the
variation of surface reflectance can be determined by comparing the difference between those
two data sets. Before polishing, the mean reflectance across the wafer is higher than that of
the center die because of the nonuniform coating from the Cu PVD process. The step-heights
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of patterns are smaller at the edge dies and thus the average reflectance on the edge dies will
be higher than that of the center die. Thus the overall mean reflectance is smaller than that of
the center die. Similarly, the standard deviation of the edge dies is generally smaller because
trenches are shallower due to the nonuniform Cu deposition. After polishing for a short
duration, the overall mean became less than the average reflectance of the center die. This is
because the polishing rate at the edge was faster than at the center and the less reflective
barrier and/or oxide layers were exposed at the wafer edge. The standard deviation of the
reflectance across the wafer was also greater than that of the center with the increase of
surface nonuniformity. More barrier and oxide layers were exposed and progressed from the
edge toward the center with the increase of time. With the increase of wafer-level
nonuniformity, the difference between the two means and the standard deviations increased
continuously. When the majority of the dies reach the end-point, the mean surface
reflectances across the wafer and at the center return to similar levels because the hard oxide
layers retains surface uniformity even with a slight overpolishing. The small dishing will not
affect the reflectance significantly. The variance of the reflectance of the center die of the
four-minute sample is greater due to the remaining patches of Cu/barrier materials. In
practice, the overall mean and variance of the reflectance may be compared with those on
different surface areas (die-level zones) to determine the process endpoint.
6.4.4 In Situ Measurements on Patterned Wafers. Figure 6.18 is an example of in situ
measurement on a patterned Cu wafer. The y-axis represents the normalized reflectance,
which is defined as the reflectance measured divided by the reflectance on blanket Cu wafers
before polishing. In the experiments, the angular velocity of the wafer was offset from the
angular velocity of the platen by 5% (w = 1.05 w,) so that the loci covered the entire wafer
surface. Figure 6.19 shows the moving average of the reflectance for ten passes and the
standard deviation based on the pooled data from those passes. Compared with the off-line
measurements, the reflectance measured in polishing was lower because of light scattering by
the slurry. It dropped approximately 20% to 25% in the planarization regime, but less
significantly in the overpolishing regime. The mean decreased slightly right after polishing
because of surface roughening. It then started to increase until reaching a constant level
around one minute after the surface had been planarized, as discussed in earlier. After two
minutes, the mean dropped again because of the removal of Cu on the surface. Because the
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Cu was removed nonuniformly due to the initial pattern layout and the variation of the coating
thickness, the underlying oxide was gradually exposed on the surface. The mean dropped less
steeply compared with data on a specific die, such as the center die in the earlier example.
The onset of wafer-level endpoint was about four minutes in this experiment. The mean kept
decreasing, but at a slower rate, after the endpoint with the gradual increase of surface
roughness due to overpolishing and dishing. Due to the effect of slurry and the variation of
wafer-to-wafer uniformity, the mean at the onset of endpoint varies in each run. Besides, the
mean does not drop rapidly at the onset of endpoint because the Cu is removed nonuniformly
in different sub-dies and not all the dies reach the endpoint at the same time. A clear sign of
change in mean is lacked for endpoint indication. The mean serves only as a rough indication
of the onset of process endpoint.
Figure 6.20 plots the standard deviation of the pooled data in the moving sampling set
over 10 passes versus time. Because the variation of the reflectance is mostly due to the
pattern geometry and Cu area fraction, the distribution is generally not normal. Figure 6.21
shows the distribution of the normalized reflectance in terms of relative frequency. The initial
shape of the distribution represents the initial surface topography of the wafer. There were
two peaks of the standard deviation during polishing. The first peak occurred at the beginning
of the process corresponding to the minimum mean reflectance in the Cu planarization
regime. This resulted from the initial surface topography and surface roughening. The
standard deviation in the planarization regime reached a minimum when the majority of the
pattern had been smoothed down and the mean reached a maximum. The surface condition at
this stage is similar to that of a blanket wafer. The variation of the surface reflectance is
affected by the surface roughness, slurry scattering, and random error of measurement and
thus represents a normal distribution in Figs. 6.21 (b) and 6.21 (c). The maximum reflectance
occurred in the middle of Cu clearing regime, at about one minutes of polishing in this case
(Fig. 6.21 (b)). The low end of reflectance distribution, between 0.4 to 0.5, in Fig. 6.21 (c)
indicates the presence of Ta barrier layer. After three minutes of polishing, a broad
distribution with two peaks is observed in Fig. 6.21 (d). The subgroup of surface reflectance
centered at a lower value represents the sub-die area on which the oxide is exposed. The other
subgroup, with the mean close to the rough blanket surface, indicates that
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the high reflective Cu and/or Ta barrier layer still partially covers the surface. After the
maximum, the standard deviation decreased quickly with the increase of area of oxide
exposure. At the onset of endpoint, the standard deviation reached a sharp turning point and
then remained at a low constant level. As observed in the previous off-line measurement, the
variation of the surface reflectance reached a minimum when the highly reflective Cu was
cleared. However, because the resolution of the sensor is limited by the spot size, it may not
effectively detect small patches of metal on the surface. In practice, a short period of
overpolishing may be necessary to ensure that all Cu and barrier material is removed. After
the endpoint, the standard deviation is determined by the designed pattern layout (local Cu
area fraction as shown in Eq. (6.10)) which affects the skewness of the distribution, as shown
in Figs. 6.21 (e) and 6.21 (f). It is shown that all the Cu on the ILD has been removed after
four minutes of polishing by the fact that the height-reflectance peak has vanished. The high
end of reflectance distribution, around 0.4, indicates that some Ta was left on part of the
surface. Figure 6.21 (f) shows that the variation of surface reflectance will not change
significantly with the small variation of surface topography from overpolishing and dishing.
6.5 Discussion
6.5.1 Locus Design and Sampling Plan. The sampling scheme relies greatly on the
sensor loci and sampling frequency for reliable spatial and temporal information on surface
reflectance. At the die-level, many loci must be taken on the die of interest to detect the
variation of reflectance due to the nonuniform topography, Cu area fraction, and the non-
symmetric layout. Based on the kinematics, the sensor locus is determined by the parameters
of w., o,, r,, and rCC. For some conditions, such as the example in Fig. 6.5 with (o, = 1.05 O,
and r, = , the sensor can cover the center die many times, but may pass over the edge die
once or never. One way to improve the sampling density on the edge die is to increase the
number of loci on the wafer by reducing the difference between o, and co. However, this will
increase the time period to scan over the entire wafer surface and thus may delay the detection
of rapid changes of reflectance of a local area. The wafer slippage, both rotational and
translational inside the recess, will also make the control of velocity offset within a small
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range very difficult. The smallest offset of the wafer and the platen velocity is about 3 to 5%,
typically.
On the other hand, the distance between centers of the wafer and the platen r, may be
changed during the polishing. This "sweeping motion" may help cover a desired region on
the wafer surface. Figure 6.22 shows an example at r = 1.25 r, with w,,, = 1.05om, and rcc = 0,
in which only the outer area is sampled. Compared with the high sampling density at the
center in Fig. 6.5, the sampling density is much higher and now uniform around the edge. In
practice, the entire wafer may be scanned first to roughly determine the overall surface
condition. The area at a particular radius of interest can be scanned with a higher sampling
density for a better inference of the local condition. Moreover, two or more sensors can be
installed at different radii r, and different angles (phase) on the same platen. The combined
loci will give a higher and more uniform distributed sampling density of both the center and
the edge region.
Another important parameter for designing the sampling plan is the sampling frequency.
At least one measurement must be taken from each subdie along the sensor locus to detect the
variation of reflectance between the different sub-die areas and different dies. It is preferable
to have one or more replicants on each pattern to reduce the error due to random variation in
measurement. For the 100 mm patterned wafer, about 40 subdies are located along a locus
(10 dies along a locus with four subdies across each die diagonal). With at least one
replication on each subdie area, about 100 points are required in the test, which corresponding
to a 100 Hz sampling rate at the typical wafer rotational speed of 60 rpm. Thus, the sampling
rate should be greater than 100 Hz, and more replicants can be taken to even out the effect of
random error.
6.5.2 Variance Components of the Surface Reflectance. The surface reflectance of a
patterned wafer varies with the surface roughness, pattern topography and area fraction, and
optical properties of the coatings. Due to the within-wafer nonuniform material removal, the
surface topography and the remaining fraction of Cu during polishing may vary among
different dies across the wafer. The within-wafer nonuniform polishing usually results from
certain systematic sources, such as nonuniform velocity distribution, pressure distribution,
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interfacial temperature distribution, slurry flow, and contact conditions (Stine, 1998). Its
effect on polishing always follows a systematic pattern which tends to be repeatable between
wafers of the same lot. The wafer-level nonuniformity affects the pattern evolution on the
same die with a similar trend. The relative rates of material removal between different
patterns on a die will remain similar to another die at different location because the factors
that affect wafer-level nonuniformity will have less interaction with the die- or device-level
polishing behavior. For instance, die-level polishing is mostly affected by the pattern
geometry, such as linewidth and area fraction. Therefore, the variation of reflectance
measurements on a die tends to follow the same distribution and is nested within the die.
Based on this assumption, a two-level nesting variance structure (Drain, 1997) is employed to
decompose the effects of within-wafer and die-level nonuniform polishing. Assuming that the
reflectance at each level is normally distributed, the reflectance at location j of die i on the
wafer, R,,, can be written as:
R1 = u +W + DM (6.23)
where p is the average reflectance within the wafer from multiple loci, W the die-to die (or
within-wafer) effect on die i, and D(,) the within-die effect at location j on die i. The total,
within-wafer and within-die variances of surface reflectance are expressed as aT, g, a
respectively. Additionally, the within-die effect, D., is assumed to be normal and the two-
level variance components are assumed to be independent to each other. Therefore, the total
variance of reflectance, a2, can be written as:
S= D2 +2 2 (6.24)
Appendix 6A gives the detailed procedures to estimate the variance components. The
results of decomposition of estimated variance components, 5; and SD with respect to the in
situ measured data are plotted in Fig. 6.23. Table 6.3 lists the value of each component and
the F ratio, defined as / for every 30 seconds to examine the significance of within-
wafer nonuniformity on the variation of surface reflectance. Additionally, the polishing
results for all dies at the same radius are assumed to be similar and are combined into a subset
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Table 6.3: Analysis of variance of two-level nested model for surface reflectance.
Time Within-Wafer Within-Die F Ratio Pr(F)
(Minutes) Variance, s Variance, s, (s;/st)
0 15.94x10 4  1.64x19' 0.965 0.59
0.5 3.89 2.62 0.149 0.07
1.0 2.62 1.58 0.166 0.08
1.5 3.88 1.54 0.252 0.14
2.0 7.49 2.51 0.299 0.17
2.5 9.30 8.45 0.110 0.05
3.0 9.22 18.11 0.051 0.02
3.5 7.24 13.67 0.053 0.02
4.0 1.39 3.08 0.045 0.01
4.5 0.15 1.0i 0.015 ~0
5.0 0.01 1.04 0.001 ~0
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for estimation of the die-level variation. The high F ratio on the wafer before polishing
indicates that the within-die means at different radii are different and the probability of mean
difference between dies, Pr(F) (which implies the existence of within-wafer nonuniformity),
is about 0.6, This is due to the variation of initial step-height from the deposition process.
The within-wafer nonuniformity decreases after polishing starts, and remains at a low level
with respect to the total variation. The confidence level (probability) of the hypothesis that
there is a mean difference between the dies, is less than 20%. This suggests that the surface is
planarized uniformly (or topography becomes more uniform across the wafer) through the
CMP process. The within-wafer variance and the F ratio even drop to very low levels, (Pr(F)
~ 0), after the wafer-level endpoint is reached. This is because the underlying oxide surface is
harder than Cu and can retain the surface planarity and the wafer-level polishing uniformity.
On the other hand, the within-die effect contributes significantly to the total variance of
surface reflectance throughout the process. The process endpoint can be determined based on
the change of within-die variance component as a result of the drastic change of Cu area
fraction. In practice, the total variance might be employed to approximate the within-die
variance to determine the process endpoint. The small effect of within-wafer nonuniformity
will not affect the accuracy of detection.
Moreover, within-wafer variance is just an indication of the nonuniform reflectance of the
surface. It may not directly correlate with the uniformity of the remaining Cu thickness.
However, it directly represents the uniformity of surface condition. This information can be
used to monitor the across-wafer surface condition and uniformity. It may also be employed
in a feedback control loop to adjust the process parameters, such as pressure distribution and
velocities of wafer carrier and platen, to improve the uniformity of polishing.
6.5.3 Endpoint Detection Algorithms. In the previous sections, the characteristics of
surface reflectance at endpoint and other stages of Cu polishing, in terms of moving average,
distribution, and the variation of the reflectance across the wafer, were discussed. These
characteristics can be employed to design the endpoint detection algorithm(s). The moving
average can be used to detect the moment that the surface reflectance drops under a certain
threshold, as shown in Fig 6.19. The threshold is determined by the average area fraction of
Cu and the optical properties of surface materials with respect to the wavelength(s) employed.
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Because of the random effect of slurry scattering, surface roughness, and random error, the
threshold usually will deviate from the theoretical mean reflectance presented in Section 6.2.1
and so must be determined based on observations from a few preliminary tests. Moreover, the
sampled reflectance corresponding to the "true" wafer-level endpoint will fall into a statistical
distribution related to the variation in initial coating uniformity, the variation of process
parameters, and the random error from sampling and sensing. Accordingly, a hypothesis test
must be conducted to ensure that the moving average M falls within a given interval with
respect to an acceptable confidence level. Because the true variance of the surface reflectance
is unknown, the 100(1-x) confidence interval is determined using the appropriate Student t
sampling distribution for the sample standard deviation S (Montgomery, 1996):
N1 S
M -ta2,N1 M +taf2N N (6.20)
Figure 6.24 shows the results of the moving average of the surface reflectance versus time
with an estimated interval at 99.5% confidence level (a = 0.005). Since the sample size N is
very large, the estimated true mean is confined to a small interval. Moreover, the threshold
may also have its underlying distribution from the historical data. It may be ambiguous
sometimes to determine the endpoint from the overlapping of the two confidence intervals.
The threshold also varies with different chip layout and design. It may be time-consuming to
develop a new endpoint detection recipe for every change or new chip design.
Compared with the moving average, the variance (or standard deviation) of surface
reflectance provides a more robust means to detect the endpoint. Figure 6.20 shows a clear
change in variance at the onset of endpoint. The endpoint can be determined based on both
the slope and the threshold level of the variance curve. Because of the high reflectance
difference between Cu and oxide, the change of variance with time is usually drastic right
before the endpoint for any chip design. The variance of surface also remains at a low level
after the endpoint because the hard oxide retains the surface uniformity. Similarly, the
variance can be estimated from the measurements based on a desired confidence interval.
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Figure 6.24 Results of the sampled moving average versus time with estimated interval at
99.5% confidence interval.
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Without knowing the true variance of the surface reflectance a, the variance interval with
100(1-a) confidence level is given based on the Chi-square (j) distribution:
(N -1)S 2  (N-1)S 2
2 a.2 < 2 (6.21)
Xa / 2, N-1XI-a / 2,N-l
The estimated variance does not vary significantly within a short period of overpolishing.
The threshold of variance will also remain approximately a constant between runs for a given
pattern design. Therefore, the endpoint is more easily determined based on the variance
information than from the mean (moving average). In practice, the ratio of standard deviation
to mean reflectance can be employed to incorporate the characteristics of mean and variance
of reflectance for endpoint detection, as shown in Fig. 6.25. The endpoint is indicated as a
local minimum and can be determined without the complexity of calculating the slope and the
confidence intervals.
In addition to the wafer-level endpoint, the onset of endpoint on the dies can also be
determined based on mapping of sampling loci onto the wafer surface. The surface conditions
on different zones, such as "rings" at different radii, can be determined based on the same
techniques used in the wafer-level endpoint detection. The sampling loci can be designed as
described in the earlier section to select the sensing area and resolution. Moreover, the mean,
variance, and distribution of the surface reflectance also provide information for different
stages in the polishing process. The variance and the variance-to-mean ratio reach a
minimum, and the distribution becomes normal when the Cu pattern is planarized. Figure
6.26 shows that the range of the reflectance increases drastically when the underlying oxide
starts to expose. The variance to mean ratio reaches a maximum when the majority of the
excess Cu on the surface is cleared. This information can be integrated as part of the in situ
sensing technique to determine progress of the CMP process. For multi-step polishing
processes, this information can also be used to determine the endpoints of each step and
increase the capability of process control.
An experiment was conducted to validate the effectiveness of various endpoint detection
schemes with the same process condition listed in Table 6.2. Polishing was stopped as soon
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Figure 6.25 Results of in-situ measurements of the ratio of the standard deviation to the
mean reflectance (wafer-level).
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Figure 6.26 Results of the rang of surface reflectance versus polishing time (wafer-level),
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as the standard deviation, the standard deviation-to-mean ratio, and the range indicated the
onset of (wafer-level) endpoint, as shown in Fig. 6.27. Figure 6.28 shows the picture of the
wafer surface, which agrees with the result from the sensing system. The Cu is cleared from
the surface. Although it is hard to identify from observation, an ultra-thin Ta barrier, which is
more transparent to the light than the thick layer, may still remain on the surface and may not
be detected by the optical sensor. In practice, a short period of overpolishing may be applied
after the sensor detects the endpoint to ensure that all the metals are completely removed. A
robust process recipe as described in Chapter 5, which uses a slurry with high selectivity, can
also retard oxide overpolishing in this period.
6.6 Conclusions
A novel in situ reflectance sensing technique detects the polishing uniformity and
endpoint of the Cu CMP process. An analytical model of the effects of surface topography
and the area fraction of Cu on the reflectance of a patterned surface was developed with the
assumptions of a monochromatic light source and plane incident light wave. The model is
limited to features with linewidths much larger than the wavelength of light to avoid the
complexity of diffraction. In practice, however, the size of the features of the state-of-art chip
design at the first few levels of interconnects may be comparable or even less than the
wavelengths of applicable light sources. A broadband optical sensor (uncollimated)
correlated the measured reflectance with the geometry of surface pattern. The reflectance
follows the trend predicted by the model with respect to the change of the surface topography
and the Cu area fraction in polishing. When the step-height of the pattern is less than 50 nm,
however, the reflectance is less sensitive to the evolution of surface topography. The surface
waviness remains at a low level for a short period of overpolishing. Thus the reflectance
sensor only detects the change of Cu area fraction at the onset of endpoint. Experiments on
both blanket and patterned Cu wafers studied the effects of light scattering result due to
surface roughness and the slurry particles on surface reflectance. A better decision for
determining the endpoint can be made based on the understanding of these systematic sources
of variation.
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Experimental validation for various in-situ sensing and endpoint detection
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Figure 6.28 Pictures of patterned wafer surface (a) before polishing, and (b) at the onset of
process endpoint (wafer-level) determined by the proposed detection schemes.
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The kinematics of the sensor was studied and its loci on the wafer were designed to cover
the desired sampling area. Based on mapping the reflectance onto the wafers, a more local
means of detecting the surface condition in polishing was developed. Compared with other
global detection techniques, this method provides better spatial resolution and reliability in
detecting the endpoint. Additionally, information regarding the within-wafer nonuniform
polishing was determined based on localized measurements and statistical analyses. This
information may serve as feedback to control process parameters in real time to improve
polishing uniformity.
Moreover, metrics for detecting process endpoint, such as the mean, the variation, the
range and the distribution of the surface reflectance, were developed and their effectiveness
examined by experiments. The ratio alp, the standard deviation divided by the mean
reflectance, can effectively determine both the global and the local endpoints. The ratio
reaches a minimum when the endpoint is achieved no matter what the pattern design is. The
characteristics of various schemes with respect to different stages of polishing were also
discussed. These will provide additional information for process monitoring and control for
improving the quality and performance of the Cu CMP process.
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Nomenclature
Af = area fraction of metal pattern
C2 = dimensionless integration constants
E2 = electric fields of the incident and scattered light (V)f = frequency of the incident light (Hz)
h = thickness of the coating (m)
h = half step-height of the pattern (m)
k2 = wave numbers of the incident and scattered light waves (m')
L = length of the illuminated surface area(m)
W1 = moving average of the surface reflectance at the i-th period
m = mode of scattered light wave
N = number of samples including in the moving average
n = unit vector normal to the wafer surface
n = number of samples taken along a sensor locus
p = (L/X)(sinO,- sinO2)
,de = reflectances of the pattern, blanket Cu and blanket oxide surfaces
0 = polar coordinates
r, = distances between the centers of the wafer and the pad, and the centers of the
sensor and the pad (m)
S, = variance of the surface reflectance across the wafer or the area of interest at the
i-th period
t = duration of polishing (s)
vR = magnitude of the relative velocity (m/s)
w = number of loci employed in the moving average to cover the wafer surface
Z = stationary Cartesian coordinates (m)
z = rotating Cartesian coordinates (m)
x = surface reflectance sampled at the j-th point along the i-th locus
= mean reflectance along the i-th locus
a = confidence coefficient
# = skewness of the distribution of surface reflectance
0 = scattering coefficient
y = reflection coefficient
A = pitch of the pattern structure (m)
A = wavelength of the incident light (m)
02 = incident and scattering angles
-, = total, within-wafer and within-die standard deviations of the surface reflectance
o = angular frequency of the incident light wave (rad/s)
o,= angular velocities of the pad and the wafer (rad/s)
Vf = auxiliary function
X, Y,
x, y,
01,
OI
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Appendix 6A Decomposition of Variance Components
The reflectance data on the dies at the same radius can be combined to estimate the die-
level variance. The wafer-level variation is given by measurements in "annuli" at different
radii. The total, with-wafer, and within-die variances are denoted by o, a2, andal,
respectively. The within-die variance, a2, is assumed to be normal, though in practice it will
contain components both from systematic variation due to the effect of pattern geometry and
from process random variation. The above simplification can be justified by the analysis of
variance (ANOVA) technique (Drain, 1997).
Assuming that the variances are independent to each other, the total variance, a, can be
expressed as:
a 2 = a2 + a (6A.1)
If the sampling plan is balanced, i.e., same number of measurements are taken at each level on
each sample, the variances of each level can be estimated by the following analysis. The
variance component for within-die effect, S, can be estimated by:
m 
'"n (X-. - 3i ) 2
S = - ( I)2  (6A.2)
D Mi=1 j=1 n-i
where m is the number of dies (or annuli) sampled, n the sample size at each die (or annulus),
~. the mean of reflectance at die i (or annulus i). One the other hand, the within-wafer
variance 2 can be obtained by using the relation between the variance of die means, ,
and the within-die variance:
W = C2 +ai /n (6A.3)
2The variance of die means can be estimated by S:
265
S j (6A.4)
i=1 r-1
where X' is the grand mean of the measurements, the moving average of multiple scans over a
given span in this case.
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CHAPTER 7
SUMMARY
In general, CMP process requirements fall into two categories: geometry and the rate of
material removal. Ideally, the CMP process must remove excess material and maintain a flat,
smooth surface within each die area. However, due to the uncertain wafer/pad interfacial
contact conditions, the pattern layout within ihe die, and the dimensions and geometry of
surface features, surface nonuniformity sometimes exceeds the specifications required to
integrate with lithography, deposition, and other fabrication processes. This thesis developed
models related to the causes of surface nonuniformity. Based on different length scales, three
nonuniformity problems in CMP were addressed: wafer-level nonuniformity, die-level
nonplanarity, and device-level topography (dishing and overpolishing). Chapter 2 correlated
the wafer-level nonuniformity with the contact condition at the wafer/pad interface. Three
contact regimes: direct contact, hydroplaning, and mixed mode, were examined for the CMP
process. Models relating the friction coefficient to process parameters such as pressure,
velocity, and slurry viscosity were established to characterize the contact condition. The
experimental results in this thesis showed that typically the friction coefficient is around 0.1
for the contact mode, of the order of 0.01 to 0.1 for mixed mode, and about er less than 0.001
for the hydroplaning mode. The results also suggest that the CMP process must be operated
in the contact mode. Mixed and hydroplaning modes are not stable process modes. In these
modes, the material removal rate may vary across the wafer surface due to the nonuniform
pressure distribution at the partial contact interface or within the fully developed slurry fluid
film, due to the fluctuations in slurry flow.
Chapters 2 and 3 addressed the effects of process parameters on the MRR. The Preston
constant is only independent of the pressure and velocity in the contact regime. After the
transition point, the Preston constant decreases as the relative velocity increases and nominal
pressure decreases. The Preston constant is highly correlated with the friction coefficient.
Thus, in practice the friction coefficient can be monitored to operate the process in the contact
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mode for high, uniform MRR. Theories of polishing processes -- surface melting, plastic
deformation, brittle fracture and burnishing - were reviewed and examined by the CMP
experimental results to determine the dominant mechanisms of material removal. The
prevailing mechanism of material removal in fine abrasive polishing is plastic deformation.
The effects of the hardness of coating materials, the abrasive size, and the pad stiffness on the
MRR and Preston constant were studied. The MRR, NMRR and Preston constant are
inversely proportional to the hardness of the coatings. This results in a high selectivity in Cu
polishing between the soft Cu/barrier metals and ILD oxide and dishing of the Cu surface.
The experiments also showed that MRR increases with the increase of particle size, yet the
surface roughness and scratching still remain at a desired low level. The particle size and
abrasive hardness might be selected to enhance MRR in Cu polishing while maintaining low
surface roughness.
Chapters 4 and 5 presented models for die-level nonplanarity and dishing and
overpolishing in Cu CMP. On the basis of contact mechanics modeling, the die-level
nonplanarity was related to the nonuniform pressure distribution on the surface of different
pattern structures. Because the pad displacement into the low features for sub-micron lines is
very small and insignificant compared with surface roughness, the load is carried mostly by
the high features in the planarization regime. Therefore, the planarization rate increases with
the area fraction of Cu interconnects (i.e., the area fraction of the low features). Additionally,
the pad displacement increases with the linewidth and decreases with the increase of pad
elastic modulus. For a broader line or a pattern structure polished faster than the adjacent
area, the pad may contact the low surface and slow down planarization. The contact
mechanics models also provide a quantification tool to evaluate and choose the optimal pad
stiffness so that the surface topography can be retained at a desired level. Moreover, Cu
dishing and oxide overpolishing were studied. A steady-state, semi-empirical model for the
pattern evolution in the overpolishing regime was proposed. The amount of dishing increases
with linewidth of the Cu interconnections. For submicron features, less than 0.5 pm, the Cu
dishing reaches a small steady-state value, comparatively insignificant to the overall surface
nonuniformity, within a short period of overpolishing. On the other hand, the oxide
overpolishing increases with time and is mainly affected by the area fraction and the hardness
of the coatings. An "apparent hardness" determined the overpolishing rates on patterns with
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different area fractions. Both the contact mechanics model and the overpolishing model not
only explain the mechanisms of planarization, dishing and overpolishing, but also provide a
tool for predicting the pattern evolution in Cu CMP and designing pattern layout to achieve
better polishing uniformity.
In addition to the fundamental understanding of the CMP process, both the analytical and
experimental results were employed for the design of process optimization schemes. To
enhance the MRR, the pressure-velocity product and the Preston constant must be optimized.
The optimal jp ratio can be determined based on contact condition and frictional heat
generation. It is possible to increase the MRR and Preston constant by increasing the abrasive
particle size or by the chemical-mechanical approaches, such as using moderately acidic
slurry. In addition to increasing MRR, it is also important to retain the within-wafer
uniformity, within-die planarity, dishing, overpolishing, surface roughness and scratching at
acceptable levels. Optimization schemes, such as increasing the pad stiffness, choosing the
right pressure-velocity regime, and designing the macrostructure of the pad to improve slurry
dispensing, are proposed to reduce the WIWNU and within-die planarity. Proper abrasive
size and hardness can be selected and the slurry chemistry tailored to increase the selectivity
between Cu and the ILD oxide to retard overpolishing at the onset of endpoint. Similarly,
surface roughness and scratching may be reduced by using a fine-grade abrasive, by
narrowing the abrasive size distribution, and by designing the pad micro- and macro-
structures to reduce abrasive agglomeration.
Finally, Chapter 6 developed an in situ reflectance sensing technique to detect the
polishing uniformity and endpoint for the Cu CMP process and to account for both systematic
and stochastic variation of the process parameters. An analytical model for the effect of
surface topography and the area fraction of Cu on the reflectance of a patterned surface was
developed. The kinematics of the sensor was studied and its trajectories on the wafer were
designed to gain the information on spatial resolution, both global and local. Experiments
were conducted to verify the detection schemes and the capability of the reflectance sensor.
Based on the results, metrics for detecting process endpoint, such as mean, variance, range
and the distribution of the surface reflectance, were developed and their applicability was
examined by experiments. The ratio cr/p, the ratio of the standard deviation to the mean
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reflectance, can effectively determine both the global and the local endpoints. This ratio
reaches a minimum when the endpoint is achieved, no matter what the structure is. Combined
with the robust process design and optimization schemes, the in situ sensing and endpoint
system provides a. means to ensure the production quality and provide information for more
advanced process control for improving run-to-run uniformity and yield.
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CHAPTER 8
SUGGESTIONS FOR FUTURE RESEARCH
Based on the analytical and experimental results presented in this thesis, future research
on the CMP process may be directed toward the following areas.
* Process Optimization
In Chapters 2 to 5, several process optimization schemes were proposed to enhance the
overall MRR and the wafer-, die-, and device-level uniformity in Cu CMP. Those schemes
must be integrated to determine the optimal process windows.
First, at the wafer-level, as shown in Chapter 2, the optimal ratio of relative velocity to
pressure can be determined by maintaining the process in the contact regime. In practice,
however, the optimal pressure and velocity values are constrained by the machine capability,
machine vibration associated with the high pressure application, the slurry transport, and the
heat generation and dissipation in the system. As a result, the optimal pressure and velocity
condition may deviate from the theoretical optimal point. Experiments can be designed and
conducted to investigate these effects and determine the process recipes for optimal wafer-
level polishing. Additionally, new methods of slurry dispensing, such as through the pad
instead of outside the wafer/pad interface, may improve the continuity of slurry flow and
enhance heat removal. Moreover, the overall MRR can also be enhanced by using larger
abrasive particles in both planarization and polishing regimes, as shown in Chapter 3. Small,
soft abrasives may be employed near the onset of endpoint to control surface roughness.
Second, at the die-level, retaining the planarity in Cu planarization stage and increasing
the oxide to Cu selectivity in the polishing regime are the keys to maintain surface uniformity.
A pad with a stiff surface layer may be employed to maintain surface planarity across patterns
(subdie areas) of different area fraction. Chapter 4 presented the effeczs of elastic properties
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of the pad on pad displacement. This will help select the pad properties so that the pad does
not conform to the surface topography in a die and retain the surface planarity. As proposed
in Chapter 5, the effects of particle hardness and size can be employed to increase the
selectivity between Cu and the surrounding oxide.
Effect of Chemistry on Material Removal Rate
Another line of research may focus on the effects of chemistry on the MRR and WIWNU.
Based on the preliminary tests on blanket oxide polishing, the pH value greatly drastically
affects the MRR of TEOS coating. With the pH value around 11 (Rodel 1501-50 slurry), the
MRR increased by an order of magnitude, about 200 - 250 nm/min compared with 20 nm/min
with neutral slurry. Similarly, the CMP literature suggests that the MRR increases with a
slightly acidic slurry. It is hypothesized that the oxide in the basic slurry and Cu in acidic
slurry form thin passive films on the surface by chemical reaction. The film is softer than the
initial coating and thus more easily removed by particle abrasion. Many techniques, such as
SEM, Auger spectroscopy, and AFM can examine the morphology and composition of the
surface to verify the hypothesis. Additionally, micro-indentation tests can measure the
hardness of the coating surface in slurries of different pH on Cu, oxide, and other coatings.
The results can investigate the effects of chemistry on the material removal behavior by
changing the mechanical properties of the coating surface.
* Slurry Transfer Behavior
Uniform slurry transfer to the interface is crucial to minimize WIWNU. The slurry flow
may be retarded with increase of wafer size. It is necessary to investigate the effects of
process parameters on the slurry flow. Based on the results of previous tests, the pressure
applied on the retaining ring of the wafer carrier and the velocity-to-pressure ratio, which
determines the interfacial contact condition, are important parameters to control for within-
wafer uniformity. Experiments must characterize the effects of these parameters to determine
the optimal process window for high MRR and acceptable WIWNU. Additionally, the slurry
viscosity and the pad macro- (grooves or perforations) and micro-structure (porosity and
interconnection of pores) affect the global and local slurry flow. It may be possible to model
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the deformation of the porous structure and the local slurry transfer based on the mechanics of
cellular solids and fluid dynamics. The model will explain the local slurry transport
phenomenon and identify important design parameters for the pad to improve slurry transfer
and the polishing uniformity.
* In-Situ Sensing on Various Pattern Designs
Chapter 6 reviewed both analytical and experimental results of reflectance sensing to
characterize the surface condition of the wafer at different stages and to detect the process
endpoint. The proposed process monitoring and endpoint detection schemes, however, must
be validated by different mask designs. Experiments may be conducted on the patterned
wafer with layout close to the commercial IC designs. Moreover, multi-level Cu oxide
damascene structures must be examined with the existing sensing technique to investigate the
effect of the underlying Cu interconnects on surface reflectance and the effectiveness of the
detection schemes.
* Integration of Low-k Dielectric in CMP
As shown in the SIA roadmap in Table 1.1, materials with low dielectric constant (low-k)
will be incorporated to fabricate ILD layers in the next-generation ICs. One of the challenges
to low-k integration is its reliability and compatibility with the CMP process. MRR, surface
nonuniformity, and CMP related defects, such as scratching, are still the main issues for
throughput and yield of the process. For the immediate replacement of the present PECVD
oxide (k = 4.1-4.3), sonic silicon-based ceramics, such as silicon oxyfluoride (k = 3.4-4.1),
hydrogen silsesquioxane (k = 2.9) and nanoporous silica (k = 2.5 or less), seem to be the best
candidates. Since their mechanical properties are close to silicon oxide, the models developed
in this thesis may be employed to predict their outputs and optimize the process. Preliminary
experiments can be quickly run on blanket wafers with these coatings to verify the models.
On the other hand, for k values less than 3, some polymers, such as polyarylene ether (PAE, k
= 2.6-2.8), bis-benzocyclobutene (BCB, k = 2.6) and polytetrafluoroethylene (PTFE, k = 1.9),
may be adopted as the dielectric materials in a long term. Because polymer polishing depends
on molecular weight, the molecular structure, the orientation of the polymer and the cross-link
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density, etc., experiments must be conducted to characterize these effects on polishing
mechanisms. Additional chemicals may weaken the secondary bonds and enhance the
removal rate.
Additionally, because polymers are generally softer than Cu, instead of Cu dishing the
surrounding low-k features may easily dish and increase the nonuniformity. The contact
mechanics model and the models for dishing and overpolishing, may still be applied to
evaluate the pressure distribution and the evolution of patterns. However, the concept of
hardness employed in metal or ceramic polishing needs to be modified to account for the
viscoelastic behavior of the polymers. Moreover, some polymers may be highly reflective.
Thus, the wavelength of the light source of the sensing system must be selected to increase the
difference of the surface reflectances of Cu and the dielectric, and thus improve the
effectiveness of endpoint detection.
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APPENDIX A EARLY MODELS OF OXIDE CMP
Over the past decade and a half several process models have been proposed to elucidate
the mechanism and material removal rate in CMP. Each model addresses a specific aspect of
the process. Some of these are briefly described below to focus on the mechanisms of the
planarization process and to identify the research tasks. It is not the objective of this review to
be exhaustive; only a few important process models are reviewed.
Brown, N.J., et al. [1981] These authors present a model for optical polishing and
derive the Preston equation from the elastic model. The Preston equation may be written as
-- = k,, pvR(A.1)
dt
where is the thickness of the layer removed, t the polishing time, p the nominal pressure, v,
the relative velocity, and k, a constant known as the Preston constant. They assume that the
volume of the material removed by each abrasive particle is equal to the product of the area of
the side view projection of the penetration and the distance traveled. For the closest particle
packing, the polishing rate, d/dt or Ri, is given by
R = P R (A.2)
2E
where E is the Young's modulus of the material being polished. Comparing with the Preston
equation, the Preston coefficient, k,, is I/2E.
Cook, L.M. [1990] Chemical processes during the glass polishing are reviewed. (Silicon
oxides used for IC are a form of silicate glass.) The author points out that the primary
chemical process during polishing is the interaction of both the glass surface and of the
polishing particle with water. In order to explain the lower polishing rates observed in
experiments than that predicted by the Hertzian indentation wear model [Brown, et al., 1981)],
275
he proposes that the material removal during glass polishing is a chemical process, such as
dissolution, rather than mechanically produced particle generation. The presence of water is
critical to glass polishing. The reactions between siloxane bonds (Si-O-Si) and water
primarily determine the behavior of silicate glass surfaces during polishing, as attacking the
siloxane network will control the rate of surface removal. The mass transport is determined
by the relative rates of the following processes: (a) the rate of molecular dissolution and water
diffusion into the glass surface, (b) subsequent glass dissolution under the load imposed by
the polishing particle, (c) the adsorption rate of dissolution products onto the surface of the
polishing grain, (d) the rate of silica re-deposition back onto the glass surface, and (e) the
aqueous corrosion rate between particle impacts.
It is suggested that both elastic and plastic indentation wear cannot occur unless the net
material transport off the worn surface is positive. Otherwise, the material behind the
traveling indenter will simply spring back to its original position (elastic effects) or change it
topography (plastic effects). In this model, the relative polishing activity of compounds as
well as the requisite chemical environment at the glass surface for optimal polishing rate are
predicted. However, a great deal of experimental work remains to characterize the effects of
particle size distribution, surface area and surface activity of the polishing compounds on the
polishing rate. In any case, even if this model can be applied to glass polishing, its
applicability to metals and polymers is questionable.
Warnock, J. [1991] This paper presents a phenomenological model for the CMP process.
This model allows quantitative predictions to be made on both relative and absolute polishing
rate of arrays of features with different sizes and pattern density.
For each surface point i, the polishing rate, RI, is defined as
R A. (A.3)
where Xg is a kinetic factor, 4j the accelerating factor associated with point i which
protrudes above their neighbors, and S the shading factor which describes the decrease of
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polishing rate by the effect of neighboring points protruding point i. In general, A,, 4 ,and
S are defined such that they are greater than or equal to 1. This model assumes that the
polishing rate decrease at point i will be compensated for by a corresponding polishing rate
increase at point j, i.e.
A' = n (A.4)
The mathematical forms for S, and K, are chosen by considering the expected changes in
features associated with the "spring-like" properties of the rough pad. Once the set of S, is
chosen, the set of A, can be determined by the reciprocal relation, Equation (A.4). The
polishing rates from experimental measurements supposedly show good agreement with those
predicted by this model. But the tribological mechanisms of planarization and polishing are
left unanwered.
Yu, T.K., et al. [1993] A physical CMP model that includes the effects of polishing pad
roughness and dynamic interaction between pad and wafer is presented by these authors. Two
assumptions have been made: (i) the pad asperity is spherical at its summit, and (ii) the
variations in asperity height, z, and radius, /, are Gaussian distribution 0Py~, a)r and
Op (pp, ap), where p, and 7, are the mean and standard deviation of x. The asperity is
defined such that p._=0.
The contact area , a, and load, 1, on each asperity are known from Hertz's equations. Then the
total contact area, A,,,,, and the load, L, over the nominal pad area, 4, are obtained as:
Aco,, = ni Jacp: djidz (A.5)
dO
L =A J/'p0 P dfdz (IA.6)
d0
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where q is the asperity density. Measurements give q, pp, a, and ap. The results show
that the contact pressure p 0 is independent of the nominal pressure P. This leads to the
relation:
A.,= A=p (A.7)
where k, is a constant solely determined by the pad roughness and elasticity. The authors try
to cornect the above result with the Preston equation. For an unpatterned wafer, if the
material removal rate, R, is proportional to the area wiped by the pad per unit time:
R=k24,v (A.8)
where k is an experimental constant and v the pad velocity. By relating Eqns. (A.7) and
(A.8), a form similar to the Preston equation can be obtained.
R = k~k2 pv = k, pv (A.9)
Surface chemistry and abrasion effects are combined into constant, k, and may be de-coupled
from the wafer-pad contact problem.
Runnels, S.R and Eyman, L.M. [1994] The authors give a wafer-scale model to
demonstrate that hydroplaning is possible during the standard CMP process. A feature-scale
erosion model is employed to calculate the stresses induced by the flowing slurry and the
polishing rate on the feature surfaces. For the wafer-scale model, they assume that both the
pad and the wafer are rigid. The pad surface is flat and the wafer surface is smooth with a
given curvature. A Newtonian fluid assumption and the two-dimensional Navier-Stokes
equations are used to describe the flow field and pressure at the wafer-pad interface. Three
parameters are introduced to describe this fluid film: the minimum thickness of the film (t),
the wafer angle of attack (6), and the radius of curvature of the wafer (R,). Once h is found
for the given pad velocity and wafer curvature, it can be used in a feature-scale model with the
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real feature shape as the flow boundary to calculate the stress distribution on the feature
surface. To estimate the polishing rate, an erosion model of the following form is assumed:
Rn = f[a,(t),an()1 (A.10)
where R. is the erosion rate in the normal direction at a point on the surface, f the law
empirically relating the chemistry and mechanics to erosion, and a, and o,, are normal and
shear stress on the feature surface. The authors estimate R. in the form:
R =Ca,2 (A.11)
They suggest this form because the approximation
U1 =L
is similar to the tribological behavior for slider bearings:
hoc
\pA
(where A is the area of wafer, and p the average pressure). By using Eqns. (A. 11), (A. 12), and
(A.13), R becomes
R. c ( pA) pv ( A.14)
which is identical to the Preston equation. Compared with the experimental results, the
predicted profiles show good correlation with the shape of the eroding features. The authors
claim that the discrepancy between the experimental data and the predicted curve is due to
measurement inaccuracy, pad feature size, pad deformation and to two-dimensional modeling.
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(A.12)
(A.13)
In addition, the experimental data were obtained for a poorly characterized pad-wafer
interface, and thus the validation of the hydroplaning model is questionable.
Nomenclature
A = wafer area (M)
A = total contact area of the pad (m2)
A, = accelerating factor at point i
a = contact area of a pad asperity (m)
C = proportionality constant
E = Young's modulus (N/M 2)
h = slurry film thickness (m)
K, = kinetic factor at point i
k, = Preston constant (m2/N)
L = load on the wafer (N)
1 = load carried by a pad asperity (N)
n = number of point considered on the wafer surface
p = normal pressure on wafer (N/m2)
t = polishing duration (s)
R = material removal rate (m/s)
S, = shading factor at point i
v, VR = magnitude of the relative velocity (m/s)
x, v = Cartesian coordinates
z = asperity height (m)
#3 = radius of the asperity (m)
0= normalized Gaussian distribution function
'1 = asperity density
p = dynamic viscosity of the slurry (Pa-s)
nq, o; = normal and shear stresses on the feature surface (N/m2)
= thickness of the material removed on wafer surface (m)
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APPENDIX B
THE MECHANICAL POLISHING PROCESS BASED ON
PIN-ON-DISK EXPERIMENTS
In many works on the material removal in the Chemical Mechanical Process (CMP), the
effects of several process parameters have been addressed. However, a thorough
understanding of the mechanisms of material removal and a model to correlate the process
parameters to material removal rate (MRR) are still lacking. This appendix develops such
models for polishing based on the results from the pin-on-disk experiments with emphasis on
the mechanical aspects of CMP. The pin-on-disk apparatus offers a quick way to conduct
polishing experiments and thus identify the significance of such process parameters as the
abrasion mode, abrasive size, abrasive concentration, and hardness of material abraded on
MRR and Preston constant. Process optimization schemes for enhancing MRR and Preston
constant are also proposed.
B.1 Introduction
Chemical Mechanical Polishing (CMP) has become a primary method for planarization of
semiconductor wafers. The present CMP process is a tribo-chemical process. The material
coated on the wafer surface, such as silicon dioxide, silicon nitride and metals (commonly
aluminum, copper, their alloys and tungsten (Hetherington, 1996), reacts with the chemicals
in the slurry to form a softer surface layer. Subsequently, this layer is removed by mechanical
abrasion of the slurry particles against the wafer surface (Liang et al., 1997). Since the
present CMP involves chemicals to assist the mechanical wear, the slurry composition should
be changed and the pad should be cleaned or replaced when sequentially polishing different
materials on the wafer surface. It is time consuming and not cost-effective. In addition, the
use of chemicals increases the complexity of the process and its control. Therefore may
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increase the variation of process outputs (such as thickness, uniformity of the coating) and the
difficulty of machine design. The ideal way is to design a mechanical-dominated process to
improve the controllability and quality of the "CMP". To achieve this objective, the
mechanism regarding the abrasive wear in the typical CMP conditions (pressure, velocity,
materials, etc.) should be studied.
In this appendix, two proposed processes, two-body and three-body wear, for either
planarization or polishing are examined in terms of the friction coefficient, Preston
coefficient, and wear coefficient with respect to the grit size effect. The experimental results
are compared with the capability of the present CMP process and discussed. Moreover, the
results of this study will be used for the test machine design for a real research project for
testing a real wafer with the same coating materials in the near future.
The abrasive wear has been studied for decades. Recently, several critical experiments
were performed to understand and model the friction and wear mechanisms under abrasive
sliding situations by Sin, Saka, and Suh (1979). The size of the abrasive particles ranges from
10 prm to 250 pm, and the materials studied are polymethyl methacrylate, pure nickel, AISI
1095 steel, and OFHC copper. The results can be summarized as follows:
(1) The friction coefficient, wear rate, and wear coefficient increase with the grit size up to a
critical size.
(2) The friction coefficient does not vary much with materials, and for metals it does not
depend much on the applied load.
(3) The number of contacting particles increases approximately linearly with the applied load
and varies inversely as the square of the grit diameter.
(4) Plowing is dominant during abrasion. The groove width increases linearly with the grit
diameter. The load has little influence on the groove width.
This research is based on the same experimental methodology. However, the size of the
particles will cover smaller grit sizes (0.05 pm to 3 pm) and the worn materials are pure
metals: aluminum, copper and tungsten.
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B.2 Experimental
B.2.1 Apparatus. Figure B. 1 shows the pin-on-disk apparatus. The pin is cylindrical
and flat-ended with a diameter of about 6.35 mm (0.25 in) and held by the specimen holder.
The edge of the pin is chamfered to increase the contact area when the pin was not mounted
perpendicularly to the pad surface. The normal load is provided by a dead weight added on
the top of the specimen holder. The friction force is measured by the strain gage bridge on the
strain ring corresponding to a voltage change at the output of the strain gage set. The output
voltage of the strain gage bridge is recorded by a chart recorder. The aluminum disk is driven
by a DC gear motor with a speed controller to control the angular speed. In two-body wear
tests, alumina abrasive papers are attached the disk. In three-body wear tests, a lapping pad is
used and the slurry is confined on the surface of the pad by clamping a plastic strip around the
circumference of the disk.
B.2.2 Experimental Conditions and Test Materials. In two-body wear tests, aluminum
abrasive papers with grit size 3000, 1000, 300, and 50 nm were used in dry sliding conditions
shown on Table B. 1. Figure B.2 shows the micrographs of the surfaces of the abrasive papers
with grit size 3000, 1000, and 300 nm, respectively. It can be seen that the size distribution is
large. And the shapes and orientations of the abrasive particles are irregular. The normal load
was varied between 1.47 N (0.15 kg) and 3.92 N (0.4 kg) to obtain substantial weight loss
throughout all the experiments. The angular velocity of the disk was held constant at 63.2
rpm. The diameter of the sliding track was adjusted for each experiment to ensure that the
specimen always passes over the fresh abrasive and so that the sliding velocity was varied
from 0.22 m/s to 0.65 m/s along the track. The specimens were weighed to an accuracy of
0.01 mg before testing. After testing, the specimens were rinsed by distilled water and the
weight is measured again after drying.
In the three-body wear test, a commercial synthetic polishing pad for metallographic
specimen polishing, especially suitable for micro-polishing of integrated circuit (IC) devices,
was used. Water-based, deagglomerated slurries with abrasive particle sizes 1000 nm
((x alumina), 300 nm (x alumina), and 50 nm (15% of a and 85% of y alumina) were poured
on the polishing pad. In order to maintain the fresh abrasive, the slurry with worn abrasive
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Figure B. I Schematic of the pin-on-disk apparatus.
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Table B. 1: Experimental conditions.
Experimental Parameters Abrasion Modes CMP
Two-body Three-body (typical)
Normal Load (N) 1.5 - 4.0 1.5 - 4.0 1,343
Nominal Pressure (MPa) 0.05 - 0.13 0.05 - 0.13 0.04
(psi) (6.7 - 17.8) (6.7 - 17.8) (6)
Angular Speed of the 60 60 25
platen (rpm)
Sliding Velocity (m/s) 0.5 0.5 0.5
Sliding Duration (min) 2 - 4 2 - 4 2-4
Sliding Distance (m) 60- 120 60- 120 60- 120
Abrasive Material Al20 3  A1 20 3  A12 0 3
Abrasive Diameter (nm) 50,300 1000,3000 50, 300, 1000 200
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(a)
(b)
(c)
Figure B.2 Micrographs of the abrasive surfaces of lapping films with grit sizes (a) 3,000 nm
(b) 1,000 nm, and (c) 300nm.
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particles and wear particles was removed after few runs. The sliding track was also varied to
prevent abrading the same area on the pad. Table B. 1 also gives the load, angular velocity,
sliding distance and other experimental conditions for the three-body wear tests, which are
essentially similar to the prior two-body dry sliding tests. The weight loss was also measured
by following the same procedures. Three different pure metals, Al (99%) and Cu (99.98%)
and W (99.9%), which are usually coated on the wafer surface for wiring and conductive plug,
were employed in the wear tests. Some of the important physical and mechanical properties
of these three metals are listed in Table B.2. The specimens were cut by a band saw from the
rods and machined on a lathe for coarse surface finish and ensured the worn surface was
parallel to the sliding distance. Then the specimens were polished by a metallographic
polisher with the abrasive grit size down to 0.05 pm (equal to the smallest size used in the
wear tests) to ensure the surface characteristics produced by experiments can be identified.
Then the specimens were cleaned and dried.
B.3 Results
B.3.1 Two-body Wear. The friction coefficients of Al, Cu and W versus the abrasive
grit size of alumina is shown in Fig. B.3. For all three materials, the friction coefficient
increases with the abrasive grit size except the grit size of 50 nm. For examples, the mean
friction coefficient increases from 0.5 to 0.65 approximately as the grit size increases from
300 nm to 3000 nm. The mean values of friction coefficients of the three materials
corresponding to different grit sizes are listed in Table B.3. At the grit size of 50 nm,
surprisingly high friction coefficients was recorded. Figure B.4 shows such a plot of the
friction coefficient of Cu versus the sliding distance. In this figure, the friction coefficient
sometimes suddenly increases and then followed by a drop. The possible explanation for such
a high value of friction coefficient and a sudden change on friction coefficient are attributed to
the wear particles agglomerate at the sliding interface and consequently break off (Oktay and
Suh, 1992). Indeed, deep large plowing grooves were found on the 50 nm abrasive paper.
This may support the existence of agglomeration at the interface and thus cause the high stress
on the tip of the agglomerates to severely plow the surface of the abrasive paper due to the
load is supported by a few agglomerates.
288
Table B.2: Experimental materials.
Material Purity Density Young's Modulus Hardness
(%) (kg/m3) (GPa) (MPa)
Al 99.00 2,699 62 392
Cu 99.98 8,940 112 784
W 99.90 19,300 408 3,430
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Figure B.3 Friction coefficient versus the nominal diameter of the abrasive particles in two-
body wear conditions.
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Table B.3: Experimental results for two-body wear conditions.
Material Abrasive Friction Wear Rate Preston Wear
Diameter Coefficient Constant Coefficient
(nm) (m3/m) (MPa')
3,000 0.44 0.315 x10 0  0.210x10~4  0.0084
Al 1,000 0.43 1.077x10"' 0.718x10-4  0.0287
300 0.34 0.838x101  0.210x10-4  0.0084
50 0.46 0.297x10' 0.074x10-4  0.0030
3,000 0.47 2.144x10' 1.430x10~ 4  0.1144
Cu 1,000 0.39 1.023x101  0.820x10-4  0.0656
300 0.39 0.809x10' 0.203x10 4  0.0162
50 0.48 0.466x10' 0.116x10-4  0.0093
3,000 0.65 0.518x10' 0.345x10-4  0.1208
W 1,000 0.66 0.138x10' 0.092x10-4  0.0321
300 0.51 0.286xl0-'0  0.071x10-4  0.0250
50 0.70 0.124x10' 0 0.031x10-4 0.0108
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Figure B.4 Friction force measurement (y-axis: 10 unit = 20 gf, normal load is 200 gf) on Cu
versus sliding distance (x-axis).
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In order to study the effect of grit size on the wear of specimen, the volume wear rate, the
Preston constant and the wear coefficient are examined versus the abrasive grit size. The
definitions of the volume wear rate R, Preston constant , and wear coefficient k are as
following:
R=- (B.1)
S
kp - (B.2)
SL
VH
k. = - (B.3)
SL
In the polishing of semiconductor devices, the rate of the thickness change is more
important than the rate of the volume removal since the globally uniform removal of material
across the wafer is more important than the amount of material removed. It has been
empirically found that the thickness reduction rate is proportional to the nominal pressure,
based on the apparent contact area, and the linear velocity of the worn surface of the
specimens. Thus the Preston constant can be defined as the ratio of the thickness reduction
rate d4/dt divided by the nominal pressure p and the relative velocity v,. This definition of
Preston constant is identical with that in Eq. (B.2). We can divide both the numerator and
denominator of the left-hand side of Eq. (B.2) by the nominal area of contact, and then
rearrange it and differentiate by time t. This leads to:
d4= k pvR(B.4)
dt
where the thickness reduced F and nominal pressure p equal to the volume worn V and the
load L divided by the nominal contact area A, respectively. Equation 4 can be used to
evaluate the polishing rate only when the thickness reduced is in the global range instead of
on the scale of polishing of local surface roughness so that the use of the nominal pressure is
meaningful.
293
Figures B.5 and B.6 show the Preston constant and the wear coefficient of Al, Cu and W
versus the grit size, respectively. And Table B.3 also list all the mean values of wear rate,
Preston constant, and wear coefficient for two-body wear. Those values increase with the grit
size between the size ranging from 50 nm to 300 nm. The wear rate of Cu and W increase by
a factor of three and the Preston constant of these two materials increase by an order of
magnitude when the grit size increases from 50 nm to 300 nm. Compared with Cu and W, the
wear rate and Preston constant of Al does not significantly change when the grit size
increases. For Cu and W, the experimental results show the wear coefficients are on the same
range and increase with the grit size similarly (the wear coefficient increases about an order of
magnitude when grit size increases from 50 nm to 300 nm); while the wear coefficient of Al is
less than those of Cu and W (approximately a factor of 5 smaller) and increase slower than the
those of the other two materials. It is suspected that the decrease of the wear rate, Preston
constant and wear coefficient of Al is attributed to the clogging and capping of the abrasive
materials by the soft wear particles so that the effective wear particles are much less than
those of the other two cases. On the other hand, an aluminum oxide layer (alumina) may
easily form on the contact surface due to the elevated flash temperature by dry sliding at the
fast enough velocity. This may have some effect on the wear rate due to oxidation-dominated
wear is generally slower than the wear due to the plasticity-dominated wear at the same
loading condition (Lim and Ashby, 1987) . Indeed, on both the sliding tracks and the surface
of the Al specimen, thin dark-color layers of material different from the abrasive and pure
aluminum were found, which are suspected to be oxide layers and wear particles.
B.3.2 Three-body Wear. The experimental results of friction coefficient versus the grit
size in the three-body wear are shown in Figure B.7. The friction coefficient increases with
the grit size for all three materials. Table 4 lists the mean values of measured friction
coefficient with different grit size. All these values suggest that the interfacial conditions did
not reach boundary lubrication regime. The asperities of the specimens directly contact with
the pad surface and thus contribute to the genesis of friction. Compared with the two-body
wear, the friction coefficient of Al and Cu is slightly higher for all three grit size used (the
friction coefficient increase 1.5 and copper 0.05, approximately). However, the friction
coefficient of W decreases by about 0.2.
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Figure B.5 Preston constant versus the nominal diameter of the abrasive particles in two-
body wear conditions.
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Figure B.6 Wear coefficient versus the nominal diameter of the abrasive particles in two-
body wear conditions.
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Figure B.7 Friction coefficient versus the nominal diameter of the abrasive particles in three-
body wear conditions.
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Table B.4: Experiment results for three-body wear conditions.
Material Abrasive Friction Wear Rate Preston Wear
Diameter Coefficient Constant Coefficient
(nm) (m'/m) (MPa_)
1,000 0.55 4.533 x1O"' 3.022x10 4  0.1209
Al 300 0.56 4.034x10"' 2.690x10 4  0.1076
50 0.37 1.488x10"' O.498x10 4  0.0199
1,000 0.44 3.894x10"' 2.596x10 4  0.2077
Cu 300 0.48 4.395x10' 2.930x10 4  0.2344
50 0.30 0.758x10 0.253x10 4  0.0202
1,000 0.34 0.199x10~" O.133x10 4  0.0464
W 300 0.38 0.225x10-"' 0.152x10 4  0.0531
50 0.29 0.098x10~"' 0 .034x10 4 0.0120
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Figures B.8 and B.9 show the dependence of Preston constant and wear coefficient on the
abrasive grit size. The Preston constant and wear coefficient all increase with the grit size.
Although it seems that those values increase at much slower rates with the grit size up to 300
nm, it is hard to say that there exist a critical grit size just based on the three average data
points. More different grit sizes should be tested to find out the trend of the effect of grit size
on the wear and thus to understand the mechanism(s) behind. It is also been found that the
Preston constant and wear coefficient of three-abrasion wear at the same grit size are higher
than those of prior two-body wear cases. The wear mechanism is determined by the
interaction of the specimen material, the abrasive particles, the lubricant (slurry) and the pad.
The Preston constant and wear coefficient thus are determined by the parameters affect those
four components (the specimen, abrasive, lubricant and pad). For example, the abrasive
packing density and the orientation of the abrasive particles bonded on the papers will affect
the rate of wear. It may tell nothing to just compare the wear rate between the two-body and
three-body wear without knowing the interfacial characteristics for both cases. On the other
hand, the small particles in the slurry may agglomerate into larger size particles and affect the
wear rate. However, the plotting of Figs. B.8 and B.9 does not account for this effect. This is
one of the possible reasons which causes the wear rate, Preston constant and wear coefficient
are larger in three-body wear tests. More characterization on the abrasive surface of the
lapping paper and agglomeration in the slurry should be done in the future to understand the
polishing process and develop the approach to increase the wear of materials.
B.3.3 The Effect of Hardness on the Preston Constant. Figures B. 10 and B. 11 show
that the Preston constant decreases with the increase of the hardness of the materials in both
the two-body and three-body wear with grit size ranging from 50 nm to 300 nm. A similar
correlation has been found by using a larger grit size to test numbers of single-phase materials
(Suh, 1986). In Figs. B. 10 and B.l 1, it is also found that the Preston constant ratio of Cu to
W is approximately the same, regardless of the grit size. The factor is about 4 for the two-
body wear tests and 15 for the three-body wear tests. In addition, in Fig. B. 11, there seems a
critical grit size (between 300 nm to 1000 nm) above which the Preston constant will increase
much more slowly with increase of the grit size.
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Figure B.8 Preston constant versus the nominal diameter of the abrasive particles in three-
body wear conditions.
300
----OCu
.........-... x A lx
.. XAI Q
+ +
10 1 1
10
10
C
ciz
10"
10
--4
-5
10 6
10 1
Grit Size, nm
Figure B.9 Wear coefficient versus the nominal diameter of the abrasive particles in three-
body wear conditions.
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Figure B. 10 Preston constant versus the hardness of the slid material in two-body wear
conditions.
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Figure B.11 Preston constant versus the hardness of the slid material in three-body wear
conditions.
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B.4 Discussion
It might be difficult to predict the wear behaviors on a 100 mm dia. or larger-size wafer by
a simple interpretation of the results from this pin-on-disk set-up because the kinematics of
the wafer-pad system and the interfacial conditions might be different. However, it is possible
to get the same range of friction coefficient and the very rough order-of-magnitude estimation
about the Preston constant, and wear coefficient by these experiments since the specimen
diameter is much larger than the particle size used. On the basis of this assumption, the
Preston constant of the present CMP is compared with the experimental results. The Preston
constants of the present CMP process are calculated by using the typical process conditions
presented in the literature, which is also listed in Table B.l (Muraka et al., 1993; Heterington
et al., 1996). The size of abrasive particles in the CMP process is the nominal median
agglomerate size of 200 nm, and the size chosen for comparison in both two-body and three-
body wear modes is 200 nm. The comparison is listed in Table B.5.
It shows that the Preston constant for the current CMP process is about two orders of
magnitude less than the experimental results for both copper and tungsten polishing. It should
be noted that the worn volume in the CMP case is calculated by multiplying the height
removed with the nominal area of the wafer. This might not be quite true for a patterned
wafer. The ratio of the nominal area of the wafer to the projected area of the high features
ranges from 100 to 1 (1 for blanket wafers). Thus Preston constant of the CMP process might
be comparative to those from the experiments. Besides, as mentioned earlier the particles size
in the three-body wear conditions might be larger due to agglomeration. This may also
attribute to the larger Preston constant estimated by the experiments. On the other hand, the
Preston constants of Cu and W in the CMP are close. Nevertheless, either for the two- or
three-body wear conditions, the Preston constant of copper is about an order of magnitude
larger than that of the W. This is due to the assistance of the chemistry in the CMP greatly
increases the Preston constant by converting the metal surface to a more readily abraded
material (oxide).
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Table B.5 Comparison of the Preston constant of Al, Cu, and W in two- and three- body
wear experiments and the present CMP process. (The abrasive size is 200 nm.)
Material Preston Constant (MPa')
Two-body Wear Three-body Wear Present CMP
Al 2.2 x10-8  1.3 x10-7
Cu 1.7 x10 7  1.0 x10 7  4.5 x107
W 5.9 x10-9 8.1 x10- 5.9 x10'
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B.5 Conclusions
As a result of this study on the pin-on-disk type of polishing apparatus, the following
conclusions can be drawn.
(1) The friction coefficient, wear rate, Preston constant and wear coefficient of the Al, Cu and
W slid against the alumina lapping papers and polishing pads with alumina suspension
slurries increase with the abrasive size.
(2) The Preston constant decreases with the increase of the hardness of these three materials
by using the alumina abrasive particles.
(3) The Preston constant of Cu and W from the experimental results is about one to two orders
of magnitude larger than those from the CMP process. However, the Preston constant varies
only slightly for different materials (Cu and W) in the CMP process, but significantly in the
experiments.
Based on this study, several routes are proposed to continue the research on the abrasive
wear for the planarization and polishing of semiconductor coating materials:
(1) Characterize the surfaces of the lapping papers and polishing pad, and the size of the
abrasive in the slurry.
(2) Collect more data form experiments to consolidate the conclusions above and extend the
study of the mechanisms of both two-body wear and three-body wear in the CMP conditions.
(3) Study the effects of the grit size, load and other parameters on the topography of the worn
surface.
(4) Use the slurry and pad in the state-of-the-art CMP process to compare with the estimation
of the Preston constant based on the literature results.
(5) Use test wafers with the same conditions to study the effects of the grit size and other
important parameters on the Preston constant and surface finish of the surface coating
materials.
(6) Design new processes to robustly control the material removal and surface finish for wafer
polishing on the basis of understanding the abrasive wear from this study and other literature.
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Nomenclature
A = nominal contact area (m2)
H = hardness of sliding surface (N/m2)
kW = wear coefficient
k = wear factor (m3/m-N)
L = load on the sliding surface (N)
p = nominal pressure (N/m2)
R = volume wear rate (m3/m)
S = sliding distance (m)
t = sliding time (s)
V = volume worn (M)
VR = relative sliding velocity (m/s)
. = thickness of the material removed on wafer surface (m)
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